
AD-AO88 893 ARMY ENGINEER WATERWAYS EXPERIMENT STATION VICKSBURG ETC F/6 8 3
EROSION CONTROL OF SCOUR DURING CONSTRUCTION! REPORT 2. LITERAT- TC(U)

UNCLASSIFIED WES/TR/HL-80-3-2 NL

.mmmmmmmmmmh
EEEE|hhhNEEEEI
,EmEEE.Emmnnmmm
EEEEEllllllllE



EROMM.owmToL, OFSCU

Itepi 2
UTEATURE SURVE OF IfERIllAL

AND PROTOTYPtH TIATVM

atU. S~ Amyv bgihm l*wSt towMpem " s
P. 0. lSm 631, Vkksbft Mim 39160'

Rep* 9 F S6

pamwat omgj OjW*F i~inw4 U .Am

R~pe.*2. 20314

- sU mbUWLdi mib

U 80 9 8129



14.

4 ~ % ~A'4416

4 44''4 'h~~""-2 s4Aru> ~'~ ~ 't- 

l 
i

on' o# Ira " " 4 " & s r 
4s

01r of *r W

bntiafotia ia0

4 
UL



SECURITY CLASSIFICATION OF THIS PAGE (When Date Entec)

REPORT DOCUMENTATION PAGE BEFORE MSLUM ORM
1. REPORT NUMBER 2. GOVT ACCESSION NO. 3. RECIPIENT'S CATALOG NUMBER

Technical Report HL-80-3" ) $

14. TTLE and ubtile)5. TYPE OF REPORT A PERIOD COVERED
.. TILEo --d S--itlo

IEROSION CONTROL OF SCOUR/gURINGI£NSTRUCTION; Rpr fasre
'~ N T U T O ; ' Report 2 of a series

eport 2# I4TERATURE SURVEY OF ORETICAL, 6. PERFORMING ORG. REPORT NUMBER

.XPERIMENTAL, AND PR.OOTYPE INVESTIGATIORS OTN

-. CONTRACT OR GRANT NUMBER(&)

ynel Z Hr~~Iz/alesj

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT, TASK

U. S. Army Engineer Waterways Experiment Station ARA T .. TAS

Hydraulics Laboratory '/
P. 0. Box 631, Vicksburg, Miss. 39180

91. CONTROLLING OFFICE NAME AND ADDRESS j-- " FRIOffice, Chief of Engineers Augwv~5 .+

U. S. Army 13. NUMBER OF PAGES

Washin ton, D. C. 20314 202
14.MONITORING AGENCY NAME & AOORESS(if dlfferen ttha Contrilling Office) IS. SECURITY CLASS. (of this report)

Unclassified

ISa. DECL ASSI FICATION/DOWNGRADING
SCHEDULE

I. DISTRIBUTION STATEMENT (of lbi Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the absrct entered In Block 20, It different from Report)

I. SUPPLEMENTARY NOTES

~19. KEY WORDS (Con-tinue on reverse aide It necessary and Identify by block nuimbor)

Construction practices

It IErosion control
P 7ro1oypes .,'... ,,orote

i , Scour +

12L A0%TRIIAC' f uta 410 POW1 ab M nmW ai[dumidin' 67 block mmmbla)

Waves breaking on structures in the coastal zone cause bottom material-to e tossed into suspension and carried from the region by longshore or other

currents. The scour holes that develop may require substantial amounts ofmaterial for rehabilitation and may even endanger the functional integrity of

the structure. ,A- substant-lal amount of work has been performed to investigate
and understand local scour of noncohesive mpterial in unidirectional flow,

(Continued)

JAN 1Unclassified
SECURITY CLASIICATION OF THIS PAG(When Data Erteled)

i , .. , , . .. .. ... rl I / .. . . .. . .. Ji



Unclassified
SECURITY CLASSIFICATION OF THIS PAGEK(Wh D&M 3nfm()

20,. ABSTRACT (Continued).

/latively little 4 g"etohas been spent on the study--ef-4Wproblem of local
scour around structures under wave action. Less work has been performed on
the problem of scour under the dual processes of wave motion and unidirectional
flow.

Many of the theoretical investigations regarding scour and erosion under
wave-induced effects have been founded on earlier work regarding scour and
sediment transport mechanics developed from river aspects. These unidirec-
tional theories have been modified to account for the increased shear stress
and pressure variations induced by the oscillatory wave field. This report is
a survey of the existing literature that has been directed toward understanding
the sediment transport by wave and current actions, and the scouring and ero-
sion problems that result around major structures as a result of these phenom-
ena. The primary forcing function is the incoming surface gravity wave train
in most cases, and refraction causes concentrations of wave energy that in-
crease scouring potential. The bottom hydrography is altered, and this
reflected in changes to the refraction patterns of the wave system. Theoret-
ical and numerical work to couple wave characteristics, refraction, diffrac-
tion, and sediment transport mechanics to deduce resulting bottom configura-
tions is truly in its infancy. However, the basic theoretical groundwork has
been laid on which more sophisticated and analytically sound developments can
be built to provide reliable engineering computations of scour near coastal
structures.

SECURITY CLASSIFICATION OP THIS PAOGEbIn Date SAlW@*



PREFACE

The study reported herein was authorized as a part of the Civil

Works Research and Development Program by the Office, Chief of Engineers

(OCE). This particular work unit, Erosion Control of Scour During Con-

struction, is part of the Improvement of Operations and Maintenance

Techniques (IOMT) Program. Mr. Milt Millard and Mr. William Godwin were

the OCE Technical Monitors of the IOMT program during preparation and

publication of this report.

This study was conducted during the period 1 October 1977 through

31 October 1979 by personnel of the Hydraulics Laboratory of the U. S.

Army Engineer Waterways Experiment Statioi (WES) under the general su-

pervision of Messrs. H. B. Simmons, Chief of the Hydraulics Laboratory;

F. A. Herrmann, Jr., Assistant Chief of the Hydraulics Laboratory; R. A.

Sager, Chief of the Estuaries Division and IOMT Program Coordinator;

Dr. R. W. Whalin, Chief of the Wave Dynamics Division; Mr. D. D.

Davidson, Chief of the Wave Research Branch; and Dr. J. R. Houston,

Research Engineer and Principal Investigator for the Erosion Control

of Scour During Construction work unit. Dr. L. Z. Hales, Research

Hydraulic Engineer, performed the study described herein and prepared

this report.

Commanders and Directors of WES during the conduct of the inves-

tigation and the preparation and publication of this report were

COL John L. Cannon, CE, and COL Nelson P. Conover, CE. Technical

Director was Mr. F. R. Brown.
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

U. S. customary units of measurement used in this report can be con-

verted to metric (SI) units as follows:

Multiply By To Obtain

cubic yards 0.7645549 cubic metres

feet 0.3048 metres

feet per second 0.3048 metres per second

inches 25.4 millimetres

knots (international) 0.5144444 metres per second

miles (U. S. statute) 1.609344 kilometres

mils 0.0254 millimetres

pounds (mass) 0.4535924 kilograms

square yards 0.8361274 square metres

squares 9.290304 square metres

tons (2000 lb, mass) 907.1847 kilograms

yards 0.9144 metres

II
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EROSION CONTROL OF SCOUR DURING CONSTRUCTION

LITERATURE SURVEY OF THEORETICAL, EXPERIMENTAL,
AND PROTOTYPE INVESTIGATIONS

PART I: INTRODUCTION

1. It is frequently necessary to construct engineering works of

improvement in the surf and nearshore zone to protect harbor entrances,

recreational beaches, and navigation channels. These structures are

usually built from quarried rock and/or precast concrete and are usually

placed in position by crane operating from the structure itself or on a

barge. When these structures are erected in the coastal zone they may

alter currents which normally occur at the location due to the bathym-

etry and wave climate peculiar to the location. Waves breaking on the

new structure will cause bottom material to be tossed into suspension

and transported out of the region by longshore or other currents. This

removal of material is often not compensated by an influx of additional

material; and the result is a scour hole, or erosion, which develops

along the toe of the structure.

2. Substantial research work has been done with regard to the

understanding of local scour of noncohesive material in steady, uni-

directional flow. Very little effort has been spent on the study of

local scour under wave action, probably because of the unsteady nature

of the flow field. Even less work has been performed on the problem of

scour under the dual processes of wave motion and unidirectional flow.

3. In the nearshore zone, both unidirectional and oscillatory

flows may influence scour near structures. The orbital motions of in-

dividual water particles associated with waves in deep water are nearly

circular. In intermediate water depths the orbits are elliptical, de-

generating at the bottom to a straight-line to-and-fro motion with pe-

riods equal to the surface wave. Although tidal currents are periodic,

their periodicity is so large that they may be considered to be uni-

directional relative to the much shorter period gravity-wave-induced



current fluctuations. Longshore wave-induced currents also may be con-

sidered to be unidirectional.

4. Studies of sediment transport and scour become very complex

when the combined effects of gravity waves and steady unidirectional

currents are considered (Komar 1976). The transport results from wave

action placing the sediment in motion but producing little or no net

transport; however, the unidirectional currents provide the major net

transport mechanism for both water and sediment. The unidirectional

currents could conceivably be weak in magnitude and still account for

a large transport since the sediment is already in motion as a result

of wave action.

5. This report is a survey of the present state of knowledge of

local scour and erosion of noncohesive sediments in the presence of both

oscillatory flow caused by gravity waves and unidirectional currents

such as tidal currents or longshore wave-induced currents. Much work

has been founded on the sedimentation aspects of scour and erosion of

river systems; hence, initial attention will be devoted to these con-

siderations which form the basis for later theoretical and experimental

investigations into the wave-induced sediment processes.

6
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PART II: STEADY UNIDIRECTIONAL FLOW

6. When a liquid begins to flow over a bed of loose and cohesion-

less particles, hydrodynamic forces begin to be exerted upon the parti-

cles; and as the flow intensity increases, there is an increase in the

magnitude of the hydrodynamic forces on the particles. A condition is

eventually reached where the bed particles are unable to resist the

forces, and movement is initiated. Owing to the stochastic nature of

the problem, all particles on the bed surface do not begin to move at

once. This implicitly brings out the fact that the flow has changed

from laminar to turbulent, and the impact of the liquid on the particles

tends to dislodge some elements with the combined drag and uplift forces

contributing to their transport.

Laminar Versus Turbulent Flow Aspects

7. The drag forces exerted by a liquid on its boundary are an in-

herent property of the liquid, determined in slow motion by the dynamic

viscosity of the liquid. At higher rates of flow, there is added trans-

fer of momentum normal to the boundary that is greater than molecular

transfer, the flow changes to turbulent, and the added momentum transfer

is incorporated into an eddy viscosity that is much greater than the

dynamic viscosity. Most flows that occur in practical applications are

turbulent, where this term denotes motion in which irregular fluctua-

tions are superposed on the main flow. These fluctuations are so com-

plex that they are not readily amenable to mathematical treatment;

however, their effects are as if the viscosity of the liquid were in-

creased by factors of hundreds or even thousands (Schlichting 1968).

Time-averages of the turbulent motion-must be considered in an analysis

because complete theoretical formulations have not been developed. Mean

values are taken over a sufficiently long interval of time for them to

be completely independent of time.

Laminar flow stress

8. The viscosity of a liquid is a measure of its resistance to

7
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shear or angular deformation, and results from the cohesion and momentum

exchange between molecules in the liquid. This molecular exchange pro-

duces a shear or friction force between adjacent layers of the liquid

and may be visualized as shown in Figure 1. Consider two parallel

MOVABLE BOUNDARY APPLIED FORCE, F

VELOCITY, U _

STATIONARY BOUNDARY

Figure 1. Liquid shear and velocity profile produced
by parallel plate motion with velocity U

plates of area A* placed a small distance Y apart, with the space

3 being filled with liquid. Assume the lower surface to be stationary,

while the upper one is moved parallel to it with a velocity U by a

force F . The particles of liquid in contact with the plates will ad-

here to them (the no-slip boundary condition), and if the distance Y

is not too great or the velocity U too high, the velocity gradient

between the plates will be a straight line. Each sheet of liquid slips

a little relative to the next layer.

9. It can be shown experimentally that for a large number of

liquids,

F/A -U/Y

From similar triangles, U/Y can be replaced by the velocity gradient

duldy .Introducing a constant of proportionality pi , the shearing

stress T between any two layers of liquid may be expressed as:

*For convenience, symbols and unusual abbreviations are listed and
defined in the Notation (Appendix A).
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As developed by Daugherty and Franzini (1965), Equation 1 is Newton's

equation of viscosity, and the constant of proportionality p is the

coefficient of viscosity, or dynamic viscosity. In this laminar flow,

the motion is characterized by the thin layers of liquid slipping over

one another without mixing other than from a very slow molecular

exchange.

Turbulent flow stress

10. If the top plate of Figure 1 is moved at too great a veloc-

ity, disturbances or irregularities develop in the liquid and the motion

ceases to be simply a linear increase in velocity with distance above

the bottom. This turbulent flow is characterized by eddy motions where

there is intense lateral mixing and is regarded as a motion where a

complex secondary movement is superposed upon the primary flow pattern.

This turbulence has random velocity fluctuations which are superposed

on the average flow and can be described only in statistical quantities.

11. The eddies are able to transfer momentum normal to the plates

at much greater rates than molecular transfer in laminar flow. This

additional transfer is incorporated into an eddy viscosity A term,y
so that:

T= ( + Ay) du/dy (2)

However, since the eddy viscosity is much greater than the dynamic vis-

cosity, it is customary to drop the dynamic viscosity entirely, producing

T = A du/dy (3)

Here the bar indicates average quantities, and a prime will indicate the

turbulent fluctuation components (Komar 1976) so that:

u u +U, , v=+V' , w = w +W (4)

The instantaneous velocity component is then equal to the sum of a mean

velocity plus a fluctuating component, where by definition the average

of the fluctuations is zero.

9
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12. Eddy fluctuations are important in transferring momentum

under turbulent flow. In Figure 2, consider liquid layers 1 and 2

AU -U.

U2

UV

Figure 2. Eddy viscosity momentumY exchange deviation from mean flow

moving with slightly different average velocities. If an eddy of lowerveloityfluid were to fluctuate from level 1 into level 2, the drag of
the faster moving surroundings would increase its momentum. The fluxI

of material moving from level 1 to level 2 would be p',' . The flow

direction momentum change would be this flux multiplied by u' ,or on

the average over a long period of time,

T P U'V' (5)

where p is the density of the liquid. This is an effective resistance

to motion and is known to be a significant shearing stress in turbulent

flow. From Figure 2 it can be seen that the fluctuating velocity com-

ponents are proportional to the mean values. Hence

4 -2

It has also been found empirically that for turbulent motion the stress

is proportional to the square of the average velocity.

13. It can be concluded, following Schlichting (1968), that the

components of the mean velocity of turbulent flow satisfy the same equa-

tions of motion as those satisfied by laminar flow, except that the

10



laminar stresses must be increased by additional stresses. These addi-

tional stresses are known as apparent or Reynolds stresses of turbulent

flow. In experimental work on turbulent flow it is usual to measure

only the mean values of velocity (and pressure) because these are the

quantities which can be measured most conveniently. The measurement of

mean values is quite sufficient for most practical applications, al-

though the turbulent fluctuation components can be obtained with more

elaborate equipment, such as hot-wire anemometers.

Boundary layer conditions

14. The boundary conditions which must be satisfied by the mean

velocity components are the same as those in ordinary laminar flow, i.e.,

they must all vanish at solid walls (the no-slip condition). In addition

to vanishing at the walls, all turbulent components are very small in the

immediate neighborhood of the wall. Hence, the only stresses that act

near solid walls are the viscous stresses of laminar flow (since they do

not vanish there). Since near the wall the Reynolds stresses are small

compared with the viscous stresses, it follows that in turbulent flow

there exists a very thin layer near the wall which behaves like one in

laminar motion. This has come to be known as the laminar sublayer or

viscous sublayer, since it is observed to be not entirely laminar but

is accompanied by considerable irregular fluctuations (Figure 3). The

viscous sublayer exists only for smooth boundary conditions.

U= 0.99 U . U = 0.99U

LOGARITHMIC LOGARITHMIC
PROFILE PROFILE

TURBULENT
ZONE

YLINEAR 
TURBULENT

PROFILE ZONE

TRANSITION ZONE

;;;/ LAMINAR SUBLAYER 0

U U

SMOOTH WALL FLOW ROUGH WALL FLOW

Figure 3. Zones within the boundary layers for smooth
and rough boundaries



15. Above the viscous sublayer is found a second zone in which

the viscous and turbulent transfers of momentum are comparable for a

smooth boundary. Farther out into the boundary layer, turbulent trans-

fer is found to dominate over viscous transfer. The thickness of the

viscous sublayer is so small, in most cases, that it is impossible or

very difficult to observe experimentally. Nevertheless, it is of deci-

sive importance because it influences drag and shear stress.

16. When the boundary is rough the viscous sublayer will be dis-

rupted so that the turbulence extends all the way to the wall. This is

commonly the case where flow occurs over sand, and the size and form of

the roughness elements become additional important parameters. Defining

the frictional velocity as

% = (/)l/2 (6)

and letting

V = p/p (7)

the equation for the velocity profile over rough boundaries, according

to Komar (1976), can be shown to approximate

u u/u, = (l/k) (In y/ks ) + 8.5 (8)

where

k = von Karman's constant (approximately 0.4 for many flows)

k = a measure of the roughness elements. In uniform sand, ksis taken as the diameter of the sediment grains. When a
-, sediment grain-size distribution is used, ks  is assumed

by many researchers to be the sieve size of which 75 per-
cent of the mixture by weight is finer.

Sediment Motion Threshold

17. When a liquid begins to flow over a bed of movable material,

initially there is no motion of bed particles. A condition is ultimately

12



reached where a grain begins to move because the hydrodynamic forces

exceed the stabilizing gravity forces acting on the particle. A sedi-

ment grain on the bed surface is subjected to a weight force and liquid

forces (Figure 4) which give rise to shear stresses between the grains

U 0.99U FREE STREAM VELOCITY

u

Figure 4. Body and hydrodynamic forces acting
on a sediment grain in a liquid flow field

and the stationary bed, with the tangential components of the forces

striving to maintain forward movement. As the velocity of flow in-

creases, the shear stress on the particles increases until eddy forma-

* tions develop and a wake is formed downstream of the particles. The drag

force then becomes a combination of surface skin friction drag and form

drag due to pressure differentials. The lift force is not ordinarily

considered in the analysis because it can be effectively included inher-

ently in the turbulent fluctuations. In turbulent flow both the lift

and drag forces are fluctuating quantities in magnitude and direction.

STwo different approaches have been used in relating the pertinent param-

eters of liquid motion and sediment transport; the first approach con-

siders the velocities of flow of the fluid, and the second method relates

the shear stresses developed by the liquid on the sediment particles.

Sediment transport
initiation velocity

18. Theoretical considerations have not been entirely successful

13
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in developing expressions for the velocity necessary to initiate sedi-

ment movement at the surface of a bed of transportable material. The

j drag and lift forces, when expressed in the usual manner, are:

11C2 1/ LPAu2(9)

FD =12CD pA ub, F L l 2 L~ b

Here fully turbulent flow is assumed and the stresses (forces) are re-

* lated to the square of the velocity, ub , at the bed. These drag and

lift forces are then equated to the tangential and normal components of

the sediment particle weight. Unfortunately, the values of the drag and

lift coefficients, C D and C L 9 respectively, are not well known.

Furthermore, the projected area, A , of the particles depends upon the

shape of the elements, and this incorporates additional uncertainties

into the analysis. Experimental verification to obtain these empirical

j quantities has not been entirely successful, due in part to the inabil-

ity to obtain good definition of the bottom velocity, ub Hence, the

theoretical applications of the bottom velocity analysis are of limited

use from a practical standpoint, and most researchers tend to use the

average velocity of flow.

19. The classic work in relating the average velocity of flow to

erosion, transportation, and deposition for varying size particles was

performed by Hjulstrom (1935). An extensive analysis of 6ata obtained

from experiments with movable-bed material of uniform size shows sharp

lines of demarcation between transport and sedimentation (Figure 5).

The greater resistance to erosion of the smaller size particles is an

indication of the significance of cohesion and adhesion forces.

20. Neill (1967) developed a design curve for scour of coarse,

uniform bed material by applying the mean velocity criterion, yielding

-2 -0.2(0
u /(p /p - l)gd =2.5(d/D) (0
cr s

where

u cr -critical average velocity required to move a substantial

number of surface bed particles

Psaparticle density

14
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g = acceleration due to gravity

d = sediment particle diameter

D = depth of uniform flow

Because of the inability to relate the average velocity values to proto-

type situations where bottom topography varies significantly with time

and space, many researchers have accepted the more satisfactory concept

of the bottom shear stress as a scour criterion for establishing bed

material movement.

1000

L EROSION

100I LU,
E

10

A SEDIMENTATION0 TRANSPORTATIO
w

0.1 0.0 00

0.0 .1 0.1 110 10

PARTICLE DIAMETER, d, mm

Figure 5. Hjulstrom's curve relating average ye-

locity to grain size for erosion, transportation,
and sedimentation (after Hjulstrom 1935)

Critical tractive force

i , 21. For a control volume concept, the gravitational component in

,; the direction of flow is balanced by the frictional resistance at the

r I "  eand the resulting equality yields the bottom shear stress,

I.I

T =yDS (11)

W0>o

where
y F weight of the liquid per unit volume

S = slope of the hydraulic gradient producing the uniform flow

15



When incipient motion of the bed particles occurs, the resulting shear

stress is considered to be the critical tractive force, Ti . An anal-

ysis of the pertinent variables involved indicates a functional relation

between the critical stress and the remaining variables,

Ti = T i (y s, o V ,T p, and d) (12)

, although the form of the relation is not readily apparent. Some re-
searchers advanced the idea of expressing the turbulent flow conditions

in terms of the friction or shear velocity, u* , previously discerned.

This permits the establishment of a reference dimensionless quantity

incorporating both fluid properties and sediment size, and referred to

as the shear Reynolds number, Re* , where

Re* = u~d/v (13)

22. Graf (1971) reports that Shields appears to have been the

first in the field of sediment transport mechanics to have used this

concept for the special case of uniform sand. Since that time, however,

other researchers have experimented with a wide assortment of materials
* 3

with densities varying from 1.06 to 7.90 g/cm . Their results are

shown in Figure 6, which is a representation of the critical bottom

shear stress as a function of the shear Reynolds number. Considering

all the experimental data (which were obtained from different researchers 1
and with quite different experimental arrangements) that went into de-

veloping this figure, the overall scatter should not be alarming. Other

threshold curves that form the basis for predicting initial sediment

motion, knowing some combination of sediment grain size and density or

S,'water velocity and stress, have been extrapolated from the Shields dia-

gram; but this work for the initiation of sediment movement serves as a

*quite accurate and general criterion.

1

16



4-4

9-4 0'

w-W

0
_ _ _ _ '44 9r

Z__

* cnJ-0

wW

w~W M

z > '-4

-H 4

$94

4O

-W0

1-4

____ ~ L -ee~~ >j~c

p - 1

W' 0

4 x 04 0 9J4.

c. - CaOl

00

17



Sediment Transport Mechanics

23. The control of alluvial streams for navigation and coastal

sediment transport (including harbor shoaling) are probably the two most

important classes of sediment transport problems to be encountered by

hydraulic and/or coastal engineers. Sediment in streams may be trans-

ported either by rolling along the bed (bed load) or in suspension by

the turbulent water motion (suspended load). There may be other trans-

port mechanisms, such as dissolved particles; however, these are insig-

nificant relative to the quantities transported by bed load or suspended

load. These two types of sediment motion are usually considered sepa-

rately with the total sediment load consisting of their sum; however,

there really is no sharp well-defined line of demarcation between them,

and individual particles may alternately be transported as bed load and

suspended load. Discussions often ensue between researchers regarding

the most appropriate means of discriminating between the two types of

sediment transport. The classic approaches are based on separate anal-

ysis of the bed load in terms of the tractive force and of the suspended

load in terms of turbulent transfer mechanisms. Analytical models have

been developed for these separate processes and have been correlated

using empirical relations.

Bed-load transport concepts

24. There are essentially three different approaches to the bed-

load transport problem: (a) the duBoys analysis assumes that the bed

moves in a layered laminar flow as a result of the tractive force of

the flowing water; (b) the Schoklitsch investigations propose a dis-

charge relation to explain bed movement; and (c) the Einstein model

applies statistical considerations to the forces involved. All of the

studies are similar in that, except for minor cases, the bed-load motion

has been investigated in laboratory flumes instead of prototype situa-

tions, which are quite difficult, and all bed-load equations rely on

experimental determination of their coefficients.

25. The duBoys-type analysis. The purpose of the duBoys equation

is to estimate the amount of sediment that is being transported by

18
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specific volumes of flow (implying a known tractive force on the bed) in

concert with unique sand characteristics and channel geometry at the

specific prototype location. The duBoys-type analysis assumes that

layers of the bed slide over each other in such a way that the velocity

of the elements decreases linearly with depth, becoming zero at the top

of the layer which does not move because its frictional resistance has

just balanced the shear force at that level. Here the resisting force

is the product of the submerged weight of the bed sediments and its

much criticism, although the conceptual model is frequently used. Sedi-

ment characteristic parameters have been evaluated in the laboratory,

and the resulting expression for transport per unit width of channel as

* developed by Straub (1942) is

where

dmean diameter of the bed materialI

n = Manning's roughness coefficient

u = average channel velocity

26. Kalinske (1947) recognized that the turbulence mechanism

above the bed played an important role, and that the force on bed par-

ticles actually fluctuated as a result of the turbulent wake behind the

particles. He reasoned that the maximum bed shear stress could be as

much as three times that determined by simple computations, and that the

actual drag force on a particle could be as much as twice the mean force

on it. Based on the hydrodynamics of the problem, Rouse (1938) modified
Kalinske's equation to a form which contains only easily available

quantities,

q5  10-y Y g / (DS) 52/(Y s-Y) 2d (15)
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where

y = unit weight of the liquid

ys - unit weight of the solids

27. The Schoklitsch-type analysis. Theoretical considerations

used in development of the Schoklitsch-type equations rely on a dis-

charge relation to evaluate the amount of sediment that may be moving

past a channel section. A critical discharge is determined by extrapo-

lating experimental data to the point at which incipient sediment motion

occurs. Also, actual bed-load measurements in prototype situations were

made, and the following equation was developed:

q = 0.26 (ys/y - 1)5 /3 d3/ 2 S7/6 (16)

where q is the critical discharge. This value is related to the

rate of bed-load weight per unit time and width as

I jq, = 2,500 S 3'2 (q - q(17)

where the values are in metric units.

28. Froude similarity criteria have been used as a guide in the

establishment of an experimental program by Meyer-Peter and resulted in

formulation of the following bed-load equation, in metric units,

q2/3 = (d/0.4) S/d - 17) (18)

for sand. The strongest deviations of this equation from the experi-

mental data occurred with sand of small grain diameters (less than

0.2 mm), where Froude's law may not strictly apply. The equation is

probably limited to coarse materials because of these deviations. These

original experiments have been extended to include particle mixtures,

and the results enjoy great popularity, especially in Europe.

29. The Einstein-type analysis. The definition of a critical

value for the initiation of sediment motion is difficult, at best; thus

Einstein suggested that bed-load transport should be related to the
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fluctuations of the velocity rather than to the average value of veloc-

ity or shear stress. He then developed a formula which relates the rate

of bed-load transport with properties of the grain and of the flow caus-

ing the movement, and employed statistical reasoning to a much greater

extent than previous investigators. The probability that any one par-

ticle is moving at a given time is related to its fall velocity, size,

4 and specific weight, as well as to hydraulic propertios of the flow.

Einstein further assumed that the probability of erosion is the fraction

of time during which, at any one location, the instantaneous lift ex-

ceeds the weight of the particle (Einstein 1950).

30. The Einstein analysis requires evaluation of a function which

must be determined empirically, and he found that a logarithmic function

would correlate fairly well with laboratory data. Rouse (1938) had

previously suggested a simpler function which appears to fit the data

equally well and thus the Einstein equation can be modified to

s 40 y 4D 3S 3F -(19)

P 12 (s Y)5 311/2

where F is a dimensionless function such that

F = (2/3 +G)l1/2 G 1/2 (20)

and

G_ 36 p 2 (21)

d 3y(y - y)t Suspended-load transport concepts
31. In many streams, the suspended load is equally as important

3 as the bed load, particularly when the turbulent intensity is sufficient

to cause a continual interchange with the bed particles. Particles inI

suspension (suspended load) tend continually to fall by gravity to the

bed while turbulence tends to throw bed particles up into the flow area*1 and to maintain them there. For equilibrium conditions to exist, these

two conditions are just balanced at each level in the flow field. The
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amount of sediment tending to fall through a unit horizontal area is the

product of the fall velocity of the particle vf and the sediment con-

centration Cs at that level. The transfer of sediment up from the bed

and throughout the flow area is essentially a diffusivity process and is

equal to the product of the diffusion coefficient e and the gradient

of concentration of the sediment at that elevation dC /dz
S

vf C + c dC /dz = 0 (22)fs s

Equation 22 is the basic differential equation for suspended sediment

and can be solved when certain assumptions are introduced.

32. The Lane-Kalinske (1941) method of solution is based on the

assumption that the diffusion coefficient is a constant through the ver-

tical section and is equal to the average value determined in terms of

the von Karman turbulence constant and the friction velocity u.

Hence, Equation 22 becomes

Cs/Ca = [(D/z - l)/(D/a - 1)] vf /0.4u* (23)

For a given sediment, it is possible to dctmine the concentration Cs

at any and all points in a vertical section if the concentration C isa

known at a single point a in the vertical. Comparison with prototype

data indicates that results produced by Equation 23 are sufficiently

accurate for practical purposes. However, it may be of limited useful-

ness since it applies only for a particular sediment size and to equi-

librium conditions, and requires measurements of the concentration at

some level, z = a.

33. In actual measurements of the suspended load of a stream,

both the velocity and the sediment concentration at a level are neces-

sary. The suspended sediment load is determined by sampling the water,

filtering to remove the sediment, drying, and weighing the filtered

material. The sample is collected in a specially designed bottle to

avoid distortion of the streamlines of flow during collection of a rep-

resentative sample of the sediment-laden water. The depth-integrating
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samplers remove the necessity for averaging point values.

Total sediment-load concepts

34. The total sediment load of a stream is the sum of the bed

load and suspended load (ignoring other relatively insignificant trans-

port mechanisms). It is convenient to distinguish between these two

methods of transport since the; are measured by entirely different means

and since the basic transport mechanisms are substantially different.

Bed load moves in a rather thin layer, with the particles rolling or

sliding. Above the bed layer, particles in suspended load are continu-

ously supported by fluid turbulence. Bed load is measured by traps

while suspended load is quantified from water samples of the sediment-

fluid mixture.

35. Reasoning from the point of view of general physics, Bagnold

(1966) states that the existence and maintenance of upward supporting

stresses equal to the immersed weight of the solids provide the element

necessary for initiating their transport. Dynamic transport rates

should be directly related to the stream power available for performing

their transport. Bagnold arrived at a relation for the total load which

may be obtained if four parameters are known: (a) a bed-load efficiency

factor; (b) a suspended-load efficiency factor; (c) the friction co-

efficient of the material; and (d) the average velocity of flow of the

stream. Efficiency factors were evaluated from laboratory experiments.

36. Some other investigators feel no need exists for distinguish-

ing bed load from suspended load, because the hydrodynamic forces are

the same in either case. This procedure of considering the sediment

load as a single entity was developed on the basis of model studies and

fitting empirical information to theoretical curves. While it is rea-

sonable that the total sediment load should be functionally related to

the flow depth and velocity, channel slope, density of particles, and

viscosity of fluid, there exists scatter in the data which may be the

result of bed roughness uncertainty. The development of Garde and

Albertson (1958)
4 3

1.08 u n (24)
q 3 d3/2 (

d D

23



uses Manning's roughness coefficient which probably does not account for

ripple pattern or dune formation. A completely satisfactory solution of

the problem of sediment transport has not been obtained, and the appli-

cation of any currently available sediment formula should be made with

careful engineering judgment.

2
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PART III: SCOUR BY UNIDIRECTIONAL FLOW

37. Rivers and channels in alluvial material adjust their bound-

aries and experience changes in depth and planform in response to the

dynamic hydraulic conditions to which they are subjected. Consequently,

the sediment transport capacity of a stream changes since this phenom-

enon is a function of the flow parameters. When transport from an area

is greater than the rate at which material is supplied to the region,

scour results. When the transport capacity is less than the supply,

deposition will occur. Thus, cycles of scour and fill as well as vari-

able rates of scour and fill occur at any particular location, and the

process is not amenable to simple mathematical analyses. Recourse is

sometimes made to the use of physical hydraulic models with movable beds

and the fitting of prototype observations to analytical treatments.

Hence, all scour prediction formulas are empirical to some degree and

are therefore somewhat limited in their application. The dynamic prob-

lem usually accepted as scour may be decomposed into three components:

(a) natural scour, (b) contraction scour, and (c) local scour. Scour at

bridge piers is a significant problem and encompasses all three of these

separate actions.

38. Natural scour is the tendency of alluvial channels with mov-

able boundaries to meander and shift their location with an accompanying

change in bed elevation as a shift in thalweg develops. Usually, scour

at one location is accompanied by deposition at another, as a reach of

river consists of a series of contractions and expansions. Channel deg-

radation is considered to be the process whereby a stream of flowing

water has the potential to transport a sediment load, and if the trans-

portable load is not already in the system, then scour or erosion will

take place until the transport capacity of the stream is reached. Deg-

radation may occur naturally as a result of changed hydraulic condi-

tions, or it may be caused by man's activities such as flow augmentation

or the reduction of sediment supplied to a reach by dam construction.

39. Contraction scour occurs over a relatively large area and is

usually the result of man-made changes at specific locations. For

25



example, construction of a bridge waterway opening will constrict the

floodplain flow, and the discharge must move laterally relative to the

bridge opening. When the flow returns to the channel location, there

may be general scouring of the entire opening or there may be severe

scouring of the abutments. The scour potential can only be assessed by

first predicting the flow pattern for the conditions that will exist

during the life of the structure.

40. Local scour results from localized changes to the streamline

flow patterns caused by obstructions placed in the flow field. Local

scour occurs when the capacity of the flow to remove or transport bed

material is greater than the rate at which material is being supplied

to the region. In flows without continuous sediment supply, the shear

stresses on the bed surface generally decrease as scour hole size in-

creases, until a state is reached where the stresses are unable to

transport additional material from the scour hole. For given hydraulic

conditions, the size of the ultimate scour will be directly related to

the characteristics of the bed material, and will require a finite time

interval to reach full development.

41. Investigations into scour and erosion processes are a logical

extension of the sediment transport studies previously rlucidated. Many

researchers have attempted to develop "simple" scour prediction formulas

by collecting data over several limited ranges and determining the rela-

tion for each individual data set. This has produced a large number of

sometimes conflicting formulas frthe estimation of scour under spe-

cific circumstances. These scour prediction formulas can be grouped

into two broad categories: (a) regime theory, which includes the nat-

ural scouring tendencies of channels to shift their boundaries in the

absence of any constriction or artificial work of improvement, and con-

I, traction scouring as a result of large-scale construction which reduces

the flow area; and (b) local scour, where secondary flow characteristics

caused by alterntions to the flow field cause intense lift and drag

forces near structures. No single scour formula has won general accep-

tance, and the design of nonscouring foundations is performed largely

by judgment and experience, since the assimilation of quantitative field
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data during periods of actual scour is extremely difficult.

Regime Concept

42. Dimensions and shape of an alluvial channel are usually in

some sort of equilibrium with the long-term pattern of discharges and
sediment loads that the stream is required to transport. The concept of

the channel adjusting its boundaries to accommodate changing discharges

and sediment loads is the fundamental basis of regime theory. Flow in

an actual river system is nonuniform, nonsteady, three-dimensional, and

turbulent. It involves a complex system of curves, cross and spiral

currents, converging and diverging flows, and turbulent eddy formations.

According to Neill (1964), most of the erosive activity takes place dur-

ing comparatively rare high river stages. However, the beds of many

rivers return to substantially the same levels during each succeeding

low-flow period. Thus it may be difficult to specify exactly what

constitutes scour, since the riverbed tends to be an erratic or non-

stationary datum.

General river scour

43. The classical concept that mean bed elevation over a stream

reach was lowered by scour during the passage of a flood wave and then

restored by filling during the waning flood phase has long been ques-

tioned. Systematic field measurements were performed by Foley (1975)

which confirmed that alternative scour and fill occur at different sec-

Itions of the stream reach simultaneously. It was found that mean bed

scour or fill in a uniform channel is minor relative to local scour or

fill caused by bed-form migration, and that maximum local scour and fill

may occur on the waning stages of the flood wave. This work demonstrated

that the major part of the scour and fill which occurs in a reach

of an ephemeral sand-bed stream is produced by the development and pas-

sage of large-scale bed forms, primarily antidunes. This explains the

source of material for fill and shows that during a flood a particular

section of a stream may be experiencing either scour or fill, depending

upon its location relative to the nearest migrating antidune. In fact,
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any section may experience several cycles of scour and fill during the

passage of a single flood wave. Steinman and Watson (1957) advanced the

idea that the riverbed is fluidized to a finite depth during flood

stages. This conclusion appears to be unsubstantiated aiid probably

arose from observations of the passing antidune wave form aIud the local

scouring around footings of structures.

44. Terzaghi and Peck (1948) reported scour depth figures for a

number of bridge crossings, and advised that in the absence of addi-

tional guidance, the maximum depth of scour could be estimated as some

multiple of the rise in water level. This multiple has been variously

quoted as anywhere from 1 to 4, although the relation between scour

depth and rise in stage is highly uncertain and depends greatly on the

degree of constriction imposed by the bridge.

Constriction scour

(bridged waterways)

45. Because of the importance of bridged waterway safety, consid-

erably more study and analysis of scour and erosion in this region have

been performed than for the gen~eral scouring of stream reaches. Total

scour that may occur at a constricted region consists of one or more

separate kinds of erosion which may be additive. These include local

scour near the piers and ends of abutments, the general erosion produced

by the encroachment of embankments, and additional erosion due to the

presence of bends or misalignments in the immediate vicinity of the

bridge.
46. A diversity of approaches has been used by different investi-

gators over the years to explain the mechanics of sediment transport andI to predict the ultimate scour depth expected at a particular location
under various flow conditions. All these investigations are empirical

to the extent that data were collected for limited conditions, and the

"fitting"o procedure may not be extrapolated beyond the range of the ex-

periment or for other variables. The prediction formulas do not neces-

sarily include the same variables, although Hopkins, Vance, and Kasraie

(1975) have shown that the formulas may be expressed in terms of three

dimensionless variable groupings describing flow characteristics in
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terms of velocity, obstruction dimensions, and properties of the bed

material:

Sds/b = f(Fr, y/b, sediment) (25)

where
d s maximum scour depth to be expected

s

b - obstruction width normal to the flow lines

F r Froude number, defined as
* r

F r u/(g y)1 /2  (26)r

The sediment characteristic is taken by various investigators to be

either density, specific weight, or specific gravity.

47. Anderson (1974) has examined several empirical formulas in

the technical literature, and has reduced them to similar equations of

dimensionless parameters by the introduction of appropriate simplifi-

cations so that a direct comparison can be made regarding structure and

form. He further shows that to a considerable degree, the size and

depth of the scour hole depend on the strength of the cohesive bond of

the material. Hence, if the bed material is coarse enough to be non-

cohesive, then bed transport will occur into the scour hole; and the

limiting depth will be less than if the material were cohesive with

minimal bed-load transport.

48. Ahmad (1962) prediction equation. Laboratory experimental

studies were conducted by Ahmad to investigate scour around spur dikes,

and subsequent field studies of bridge crossings in Pakistan enabled him

to develop the estimation of scour near bridge piers as

ds/b = (y/b)(4.77 F r 1) (27)

The symbols have been previously defined. Here it is assumed that the

bridge piers are sufficiently far apart so that interaction does not

occur.
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49. Blench (1969) prediction equation. A particle bed factor to

account for a relatively wide range of sediment sizes was developed by

Blench, and the relative scour equation was given as

d /b = 3.72 (y/b) 3 / 4 F I / 2 _ y/b (28)s r

50. Breusers (1965) prediction equation. Based on physical model

tests, Breusers deduced that

d s/b = 1.4 (29)

which indicates that on the average and for the range of values tested,

the depth of the scour hole is determined entirely by the structure

width and is independent of flow or bed material characteristics.

51. Chitale (1962) prediction equation. By conducting laboratory

experiments on model bridges, Chitale concluded that the scour depth at

the nose of the pier is related to the velocity of flow by a second

degree expression of the Froude number.

d /b = (y/b)(-5.49 F2 + 6.65 Fr - 0.51) (30)

52. Inglis (1949) prediction equation. This study conducted in

Poona, India, considered bed material ranging from 0.06 to 0.37 mm in

diameter, and it was concluded that material size had little or no ef-

fect on the maximum depth of scour. After analyzing data from 17 pro-

totype bridge installations, it was determined that the maximum scour

depth was related to Lacey's regime depth by approximately a factor of 2.

d /b [4.05 (y/b)3 /4 F - y/b (31)

53. Larras (1963) prediction equation. Larras analyzed data from

both prototype river bridges and laboratory model studies of stable

and unstable riverbeds. He concluded that the maximum scour depth is

independent of the water depth and bed material size if the depth is at
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least 40 times the size of the bed particles. The scour depth is a

function of the maximum width of the pile, its shape, and flow direction.

d s/b =l.42 Kb-0 .2 5  (32)

The coefficient K depends on the pier shape and varies from 1.0 for

cylindrical piles to 1.4 for rectangular piers aligned with the flow.

54. Laursen (1962) prediction equation. The work of Laursen has

probably had a greater impact on the thinking of American researchers in

the area of scour problems than that of any other individual. He ap-

proached the problem of scour around bridge piers by making use of the

long contraction analysis. He reasoned that scour depth could be deter-

mined from the depth ratio of constricted to unconstricted sections and

developed

b/y = (5.5)(ds/Y)[(l/r)(ds/y) + 1]1 /7 - 1 (33)

The constant, r , was found to have a value of 11.5 for the best-fit

condition. This equation represents an implicit relation between d /bs

and y/b

55. Neill (1965) prediction equation. An analysis of prototype

bridge data led Neill to conclude that scour around bridge piers was

independent of the Froude number, and was dependent only on the depth of

flow and the width of the flow obstruction

d /b - 1.5 (y/b)0 .3  (34)

56. Shen et al. (1969) prediction equation. In a series of

papers by this investigator into the mechanism of local scour, it was

pointed out that the dominant feature of flow near the pier is the

large-scale eddy structure, or system of vortices, which develops about

the pier. The horseshoe vortex system is the mechanism for scour and

is dependent on the pier Reynolds number; and scour properties can be

determined from properties of the vortex system. Data from other
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researchers were analyzed, and a least-squares best-fit was developed as

follows:

2/3 -1/3 -2/3 (5
d /b 0.00073 u b V (35)

57. Even a cursory review of these prediction equations reveals

that each is based on those factors which appeared to be the most impor-

tant to the researcher at the time. To obtain an indication of the

manner in which the predicted scour depths vary for identical circum-

stances, the Highway Research Board (1970) applied the prediction for-

mulas enumerated above to the illustrative example of water depth of

69 ft*, average velocity of flow of 2.0 fps, fine sand, and a rectan-

gular pier 47 ft wide aligned with the flow. Predicted depths of scour

by these different formulas were:

Predicted Scour Predicted Scour
Equation ft Equation ft

Ahmad 0.0 Larras 35.0
Blench 0.0 Laursen 63.0

Breusers 66.0 Neill 79.0
Chitale 0.0 Shen 1.5
Inglis 0.0

The range of results produced by these prediction formulas vividly illus-

trates the designer's dilemma. Perhaps the only guide available to the

practicing engineer is to compare the particular design situation with

the circumstances under which a particular formula was developed in

order to gain some insight into its probable usefulness.

Local Scour

58. Local scour is the erosion phenomenon that occurs in the

immediate vicinity of hydraulic structures when the capacity of the flow

* "to transport bed material is greater than the rate at which material is

being supplied to the region. This implies an inherent distinction

"1 * A table of factors for converting U. S. customary units of measure-

ment to metric (SI) units is presented on page 4.
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between two types of local scour: (a) clear-water scour and (b) sedi-

ment transport scour. During the active process, the difference between

the case of scour in the presence of sediment transport and the case of

clear-water scour is primarily a difference in rate of scour, or the

time evolution of erosion.

Clear-water scour

59. Erosion that takes place below a large dam or reservoir is

the classic example of clear-water scour, since the water released from

the dam is essentially sediment-free. This flux conveyance system has

the potential for transporting a large sediment load, and the stream

will immediately begin to scour or erode the channel bed and side slopes

in order to develop its transport capacity. As the finer materials are

picked up and moved, a coarsening of the bed develops. This armoring

with larger particles appearing on the bed surface causes the more in-

tense scouring action to be transferred downstream.

60. The limit of clear-water scour is reached when the capacity

to transport material out of the scour hole becomes zero, or when the

boundary shear becomes equal to the critical tractive force on the bed

material. This critical force is entirely a function of the bed mate-

rial, while the boundary shear is related to the velocity of flow, the

geometry of the locality, and the roughness of the surface. Hence,

depth of clear-water scour is some functional relation of the geometry,

velocity, and sediment characteristics.

61. The temporal variation of local scour below a dam or sill

across a clear-water stream has been investigated experimentally by

Cunha (1976), who develops an expression for the time evolution of the

scour. It was found that both the friction velocity u, and the fall

velocity of the particles v are pertinent parameters in describing

the process. Maximum scour depth is approached asymptotically as

ds/Y = 325 (u,/vf) 3.25 t0 .16  (36)

where

Sd s = maximum ultimate scour depth that will occur

y = initial unscoured water depth
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The maximum depth of scour at any instant of time was determined by

Meulen and Vinje (1977) for a similar experimental arrangement, and it

was determined that

d mx/y = (t1)0.38 (37)

where t Iis defined as the time at which d ma y . Scour growth

apperedto avebee caued rimril byvortices, since the deepest

point of scour moved both longitudinally and laterally. The dependence

of characteristic scouring time t 1  on flow conditions (i.e. velocity,

mateialand geometry) was further investigated; and it was concluded

that the influences of these various factors on the rate of the scouring

process can be described by the same general relation for both two- and

three-dimensional local scour:

-=250 [rP - 1)P1.7 Y2 auuc 43(38)

where u c is the flow velocity necessary for initiation of particle

movement, and the coefficient a varies from 3 to 8, depending upon the

particular geometry under consideration.

62. The tests described above were conducted in such a manner

that material transport could only take place out of the scour hole

alil-al tre wiltonI probalyberlesigpe tatos carieaos an

(lia cleaweitutonlI prototyperlesiger tuats carrdam acrs ang

concentration of suspended material; and hence, scour hole development

described by Equations 36, 37, and 38 may not occur at quite as rapid a

rate as indicated. Also, scaling relations from model to prototype are

not well established for scouring of sand-bed nodels. Neill (1964) has

stated that although fixed-boundary models are widely used with great

suiccess in the design of hydraulic structures, loose-boundary models are

still in their infancy and present great difficulties in scaling.

Movable-bed models are extremely valuable for visualizing processes,

gaining qualitative knowledge about sediment motion, and understanding

relative effects of different test arrangements. However, there is
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little agreement among hydraulic engineers regarding the proper methods

of scaling scour depths from model to prototype, and the results of

using different proposed methods vary widely.

63. In investigations of the similarity of prototype scour to

sediment motion during model tests, Yalin (1959) showed that the Froude

time scale (the time scale based on gravity being the dominate force

balancing inertia) is valid only when the sand used in the model has a

characteristic diameter of at least 1.8 mm and, furthermore, that the

relative densities of bed material should be the same between model and

prototype. Dietz (1976) further determined that scale effects produce

a nonlinearity of a nature such that small model scour should be scaled

up with a smaller ratio than large model scour. Scale factors for the

scour depths are not identical with the geometric scale factor; and,

scour depths measured in the model must be scaled up with a substan-

tially smaller factor than the geometric scale.

64. Model tests conducted at the U. S. Army Engineer Waterways Ex-

periment Station (WES) by Murphy (1971) have demonstrated advantages of

preforming a scour hole below dams and reservoirs so the flow can expand

and dissipate its excess energy in turbulence rather than in a direct

attack on the channel bottom. This makes it possible to stabilize the

channel with rock of an economical size since the construction can be

accomplished in a dry situation, and the necessary equipment will al-

ready be at the construction site. Also, the preformed scour hole need

not be as large as that which would naturally occur under existing pro-

totype hydrodynamic conditions.

Sediment transport scour

65. Sediment transport scour is generally considered to be scour

that occurs around structures erected in sediment-laden streams and

especially structures erected in rivers which experience significant

flood wave passage. The scour limit is reached when the capacity for

transport of sediment out of the scour hole becomes equal to the supply

of sediment into the hole. Two significant types of scour problems

exist which are of great economic importance: (a) scour around verti-

cal, cylindrical piling and (b) scour around highway embankments and
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spur dikes at bridges. These two situations are strongly influenced byI flow patterns, including vortices and separation generated by the ob-

structions. The process is heavily dependent on the flow field in the

immediate vicinity of the obstruction, and thus knowledge of the redis-

tribution of energy over the region is necessary for understanding the

character of the scour.
66. Vertical cylindrical piling. When a vertical cylindrical

piling is placed in a steady unidirectional flow field, velocities and

accelerations are altered near the vicinity of the piling; and the re-

sulting forces are sufficient to initiate sediment motion around the

base of the structure. For potential flow (flow without a velocity

gradient in the vertical plane), a stagnation line will occur on the

upstream face of the piling. However, since all streamlines will have

the same velocity, the stagnation pressure for all streamlines will be

the same; and flow will occur in a horizontal plane around the piling.i 67. In real fluids, potential flow theory is not applicable in
the immediate neighborhood of boundaries; hence, a velocity gradient is

generated and all streamline'- have different velocities of approach.

Thus, the stagnation pressure along the vertical face of the piling will

vary with a higher pressure near the surface and decrease pressure down-

ward. The resulting pressure gradients give rise to a vertical flow of

fluid along the upstream face of the piling In a downward direction

which interacts with flow around the piling to produce vortices and

spiral flow, schematized in Figure 7. The streamlines are no longer in

any horizontal -)ane but converge downward toward the bed, which leads

to an increase in fluid velocities in the lower layers and to an in-

crease in mean boundary shear. This appears to be an important mecha-

nism of local scour around vertical cylindrical piling.

68. Due to large friction forces in the boundary layer, a fluid

particle consumes so much of its kinetic energy moving around the cyl-

inder that it cannot penetrate very far into the wake behind the cylin-

der; consequently, flow separation takes place as vortex motion is

formed and moves downstream. This circumstance completely changes the

flow field in the wake; and the pressure distribution suffers a radical
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Figure 7. Unidirectional flow around a circular
cylinder (after Highway Research Board 1970)

change as the eddy region behind the cylinder causes a large pressure

drag on the body. A regular shedding pattern of vortices which move

alternately clockwise and counterclockwise, known as the Karman vortex

street, can be discerned. The separation which rolls up ahead of the

base of the pile is known as the horseshoe vortex system and plays the

most important role in the local scour process around the pile.

69. Some general conclusions have been agreed upon by several

researchers from laboratory and field investigations, among which is the

location and shape of the scour hole near a piling. For blunt piles,

these holes are generally situated at the upstream side of the pile and

have the form of an inverted cone with the slope of the sides equal to

the angle of repose of the sediment. For streamlined piles, the loca-

tion of the maximum scour is shifted downstream, and the scour hole I
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becomes much more shallow. The blunter the pile, the deeper the scour.

The shape of the downstream side does not appear to be significant. The

lateral spacing of the piles does not appear to be significant as long

as scour holes do not physically overlap.

70. The influence of the approach velocity on the scour process

is considered to be well known. As the free stream velocity increases

from zero, scour will begin close to the pile when the average velocity

of the flow field reaches a certain fraction of the critical velocity

necessary io initiate motion in the absence of a structure (0.5 for cir-

cular cylinders). The scour depth then increases almost linearly with

velocity until the average velocity becomes almost equal to the critical

velocity. For values of velocity slightly greater than the critical,

the depth of scour oscillates about a mean value (Chitale 1962); but for

increased values of velocity, additional phenomena are introduced. An

increased fraction of the sediments being transported goes into suspen-

sion, and a bed-form change may result. The depth of scour d variesS

as

d = b (39)
s

where

b = width of the pile

a = shape factor which varies from 0.62 to 1.00, depending upon
the researcher and the pile shape

71. Hjorth (1975) has experimented with circular cylinders, and

it was found that for velocities slightly higher than that necessary to

cause incipient motion, sediment movement was most pronounced downstream

of the cylinder. Fluid passing under the trailing vortices, into the

low-pressure zone, scoured into the bed and transported sediment into

the wake region. As flow velocity increased, the region of most intense

motion shifted to the upstream part of the cylinder (Figure 8). The

strength of the horseshoe vortex depended on the Reynolds number of the

flow.

72. In order to predict scour processes expected to occur at a

prototype bridge crossing Akashi Channel, Japan, Nakagawa and Suzuki
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PILE

Figure 8. Scour around a vertical circular pile by
unidirectional flow (after Hjorth 1975)

(1976) conducted similarity investigations by introducing a reference

time defined as the time when the maximum scour depth becomes equal to

the width of the bridge piers. The characteristics of this reference

time were studied by systematic experiments for various scales of sand

diameter, flow velocity, and pier width. Scour depth scale for the case

in which the scale of sand diameter is distorted from the length scale

of the pier also was investigated. Field tests were conducted by erect-

ing a 9-m-diam vertical cylinder and comparing the results of these

tests with a 1:150-scale model.

73. The problem situation investigated by Nakagawa and Suzuki

I '(1976) was determined by strong tidal currents (about 4 m/sec). Two

main piers of 40-m by 70-m rectangular cross section were to be con-

structed on a sand and gravel foundation. Because the periodicity of

reversal of the flow process was of such long duration, it was deter-

mined that the experimental studies could be conducted with steady uni-

directional flow conditions. One series of tests was conducted with

steady flow in one direction, a second series consisted of the flow

reversing periodically, and a third series of tests was conducted with
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the piers rotated at specific angles to the steady and reversing flows.

74. The general shape of the scour hole which developed as a re-

sult of the unidirectional flow around the experimental piers is shown

in Figure 9 for both the one-directional flow and for the periodic flow

which reversed direction every 30 min. In the case of the one-

directional flow, scour began at the upstream corners of the pier with

an inverse cone shape which developed from the corners. The deposition

area of the sediment shifted downstream with time. In the case of the

reversing flow, the scour became deepest at the corners of the pier, and

the scour and deposition were repeated according to normal and reverse

flows, respectively. The maximum scour depth for the periodic flow be-

came slightly smaller than that of the one-directional flow because of

the sediment supply of the reverse flow.

75. Scour hole contour lines for the condition of the pier being

rotated 30 deg with the direction of flow is shown in Figure 10. The

diagonal corners became extremely scoured and their scour depths did not

a. One-directional steady flow

b. Reversing flow (period of reversal =30 min)

Figure 9. Scour around a vertical rectangular pile
by one-directional steady flow and by periodic re-
versing steady flow (after Nakagawa and Suzuki 1976)

40



A0

-42

-- 1

a. One-directional flow b. Reversing flow

Figure 10. Scour around a vertical rectangular pile by

one-directional steady flow and by periodic reversing

steady flow where the angle of rotation is 30 deg

(after Nakagawa and Suzuki 1976)

become smaller even by the reverse flow. This was considerably differ-

ent from the results obtained with no pier rotation. It was determined

by analyzing the longitudinal and traverse profiles of the scour hole

that the scour hole has a similarity with time variation, independent

of grain size and pier scale.

76. The maximum scour depth d was found to change linearly

with time t according to:

' /r)O 22d /D (t/t (40)

s r

The reference time t , which is the time when d = D , is dependentr s

on a grain diameter d , a width of pier D , and a mean flow velocity.

When t has been determined, the time variation of the maximum scourr

depth can be expressed by Equation 40. The effect of the angle of
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attack on the time variation of maximum scour depth is shown in Fig-

ure 11. The maximum scour depth becomes larger with the increase of the

angle of attack. This is due to the increase of the apparent width of

the pier with increase in angle of rotation.
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Figure 11. Time variation of maximum scourI.1 depths with different angles of attack (af-
ter Nakagawa and Suzuki 1976)

77. To obtain field data of scour depth at the location where the

Akashi Channel bridge was to be constructed, a steel pile of 9-rn diam-

eter and 13.5-rn length was installed in the channel. The maximum ve-

locity of flow during the conduct of the tests was 3.5 in/sec. At the

initial stage after installation, the scour depth increased rapidly;

but after a few cycles of reversal of flow, the rate of scour increase

was reduced so that after 100 days the scour depth was approximately

4.5 mn. Scour geometry around the prototype test section is shown in

Figure 12 after 100 days exposure to the natural scouring forces of

the region.

78. A scour depth scale between model and prototype was investi-

gated by Nakagawa and Suzuki (1976) by using a simple assumption when

the length scale of the sand diameter is distorted from that of the flow

geometry. The similarity condition for a uniform flow and that of the

surface roughness should be satisfied on conditions that u*d/v > 70

(Yalin 1971). When sand is used as a bed material for the model, this
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Figure 12. Scour geometry around a pro-
totype test pile of 9-m diameter after
100 days exposure to scouring forces.
Maximum velocity experienced = 3.5 m/
sec, maximum scour depth = 4.5 m (after

Nakagawa and Suzuki 1976)

condition is never satisfied; and if the sand diameter in the model is

extremely small, it will be transported in suspension which is quite

different from the motion in the prototype. When it is impractical for

the horizontal scale ratio to be sufficiently large to avoid this prob-

lem, this scale effect can be overcome by choosing the scale ratio of

the sand to be larger than that of the water depth such that:

ns/d =l/X (41)

where X is a distortion factor of a sand scale to a flow depth scale.

A Under these conditions the scale ratio of the final scour depth, ndis

between a model and its prototype is expressed as: :

n - nrA 1/2 (42)

Experimental data displayed in Figure 13 show good agreement with the

theoretical development except when X is relatively small. When X

is small, d s/d decreases with increase in the flow velocity, which
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means that a time of sufficient length to reach the final scour depth

must be allowed. When this time has elapsed, the scour depth ratio of a

model to its prototype will be approximately given by Equation 42.

79. Embankments and spur dikes. When highways cross wide flood-

plains, embankments to support the highways are usually constructed to

the river from both directions to decrease the amount of bridge neces-

sary to span the river. These embankments severely restrict the cross-

sectional area of flow for flood discharges. Flow patterns of the

floodwaters are concentrated at the upstream corners of the embankments
and result in a serious scour potential at the abutment (Figure 14).

Physical model experiments by Laursen (1951) and Karaki (1959) have

r i ..

Figure 14. Relative scour depths at*1 highway embankments (after Highway

Research Board 1970)
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yielded qualitative knowledge regarding this problem, although scaling

limitations make it impossible to extrapolate these tests to prototype

situations. However, an understanding of the basic problem provides in-

sight which coupled with experience and engineering judgment can produce

designs that minimize scour at embankments. Included in these designs

are riprap protection, sheet-pile toe walls, and spur dike construction.

80. Usually, a spur dike is a nonpermeable earth embankment con-

structed near a bridge abutment to streamline the flow through the

bridge opening. However, the dikes may be either permeable or imper-

meable and have been constructed of loose rock-fill timber cribs, open

timber piling, or solid sheet piling. These dikes, projecting upstream

from the embankment, seem to afford the optimum protection for both the

embankment and for the adjacent piers. In addition to redirecting the

flow parallel to the desired channel alignment, the spur dike minimizes

scour at the embankment by providing a scour location at the end of the

spur dike where excess kinetic energy of turbulent floodwaters can be
dissipated (Figure 15). Effectiveness of a spur dike is qualitatively

known to be a function of embankment geometry, flow over the floodplain,

and size of bridge opening. Of all shapes tested, the elliptical shape

with a 2.5 ratio of major to minor axes apparently provides the best

overall results.

Figure 15. Spur dike construction
at roadway embankment showing re-
location of scour hole and rela-
tive scour depths (after Highway

Research Board 1970)
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81. Installation of a spur dike does not eliminate scour; it

does, however, lessen the probability of severe erosion to the roadway

embankment by relocating the scour upstream. The spur dike itself must

be protected from erosion. This is usually accomplished by riprap

placed on the upstream end of the dike.
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PART IV: UNSTEADY OSCILLATORY FLOW (WAVE MOTION)

82. The ability of water waves to transport bottom sediments is

related to the magnitude of the shear stress exerted by the water motion

on the bed. Oscillatory fluid motion associated with surface gravity

waves exerts shear stresses on the bottom that are often several times

larger than shear stresses produced by unidirectional currents of the

same magnitude. Thus the importance of wave motion in initiating and

transporting sediments in a coastal environment is apparent. Shear

stresses produced by wave motion may put sediments into suspension where

they can be transported by currents of a magnitude insufficient to ini-

tiate sediment motion.

83. The mathematical description of wave motion is derived from

the basic principles of conservation of mass and momentum. Conservation

of mass is a statement of equality of the rate at which fluid enters and

leaves a control volume. Conservation of momentum can be interpreted as

an equilibrium of body and surface forces to inertia of a fluid element.

Since viscous surface forces become important only in the boundary

layer, the major portion of the fluid can be regarded as inviscid. The

fluid is also considered to be homogeneous and incompressible; therefore

a velocity potential exists, the gradient of which produces the velocity

components of particle motion. Further nonlinearities exist in the dy-

namic free surface and bottom boundary conditions. These nonlinearities

are usually eliminated by a linearization which is justified when wave

height H is small relative to wave length L and water depth h

The first order approximation (linear solution) is relatively simple,

and it provides a significant amount of information without unduly com-

plicating the solution. Linear theory is applicable within a reasonable

percent of uncertainty. It predicts several useful features of water

waves over a range of conditions (H , L , and d) far exceeding the

strict mathematical assumptions on which linearization was based. There
are some features of wave motion, however, which are not well predicted

by linear theory (i.e. wave breaking characteristics). Also, the linear

solution indicates that water particle orbits are closed; i.e., no net
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I
fluid motion is associated with a progressive small amplitude sinusoidal

wave (Eagleson and Dean 1966).

84. Waves on the open ocean are known to have crests that are

narrow and peaked, and troughs that are broad and flat. These charac-

teristics can be described by a second order approximation (Stokes

solution) in which corrective terms are added to the first order approx-

imation. In Stokes wave theory, water particle orbits are no longer

closed; and a net mass transport occurs in the direction of wave propa-

gation. In shallow water neither the first nor higher order Stokes ap-

proximations are adequate for describing wave motion. Nonlinear Stokes

theory is based on a series expansion in terms of H/L or the wave

steepness; consequently, Stokes theory can be expected to be applicable

for near-limit steepness waves in which the water depth is not important

(i.e. large amplitude deepwater waves). Cnoidal theory, on the other

hand, is based on a series expansion in terms of H/d or the relative

depth; therefore, it can be expected to be applicable near depth-induced

breaking wave conditions (i.e. shallow water). Cnoidal theory indicates

that the wave tends to behave as a solitary wave in which the wave form

is entirely above the still-water lin2. It should be realized that

there is a zone for which neither Stokes nor cnoidal theory is satis-

factory. This area is in intermediate water (i.e. 1/20 < d/L < 1/2

(Sorensen 1978)). In the absence of other theories, Stokes theory is

more applicable on the deeper portion and cnoidal theory is more appli-

cable on the shallower portion of this interval. Other types of non-

linear theory may be more applicable in this interval (i.e. Boussinesq

theory and other nonlinear wave theories (Whalin 1976)).

value85. The inviscid assumption provides a solution having a finite

value of velocity at the bottom for waves in intermediate or shallow

water. Real fluids, on the other hand, require a no-slip boundary con-

dition which implies significant shear stresses at the bottom. The

portion of the fluid motion of interest from the standpoint of wave-

sediment interaction is the flow in the immediate vicinity of the bound-

ary. Within the boundary layer, the velocity decreases from the value

predicted by potential theory to zero at the bed; and the thickness of
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this layer depends on wave period. Maximum bottom shear stress is re-

lated to the square of the velocity by a wave friction factor which, for

turbulent flow, is a function of the relative bottom roughness but not

wave Reynolds number, and can be obtained from published friction factor

diagrams, for example Jonsson (1965).

Wave Boundary Layer Flow

86. The principal characteristic of the oscillating boundary

layer is that the motion is unsteady, being periodic in both time and

space. In unidirectional riverfiow, the boundary layer develops

throughout the water column. For oscillatory waves, velocity changes

direction before the boundary layer reaches the free surface. Hence,

the flow never becomes fully developed and viscous effects are, for wind

waves, limited to a region very near the bottom. Outside the boundary

layer viscous effects are negligible, and potential theory is applica-

ble. Within the thin boundary layer, velocity is primarily horizontal

and decreases from its free stream value at the top of the boundary

layer to zero at the boundary in the case of a smooth bottom. In the

natural prototype situation, the bottom is usually composed of rough,

movable materials; hence, the "no-slip" bottom boundary condition is

* relaxed as sediment is placed in motion by oscillatory 'low. It is

known a priori that oscillatory boundary layers are fullv rough turbu-

lent; unfortunately, details of the fluid motion within the boundary

layer can be treated analytically only as long as flow remains laminar.

Therefore, knowledge of flow fields in oscillatory turbulent boundary

layers is deduced mainly from empirical laboratory studies. Wave bound-

* ary layers and their relation to sediment transport have been studied

* by Teleki (1972) and others.

87. Some investigators, including Kalkanis (1963) and Einstein

(19'12), have performed laboratory studies in which a horizontal bottomI

is oscillated harmonically under still water. This effectively re-

stricts the study to a long wave condition as the vertical acceleration

1 effects are not included. The horizontal acceleration because of the
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long wave motion is small compared with local accelerations of the flow

near particles due to turbulence. The velocity in the laminar boundary

layer is described analytically, and it is hypothesized that the same

I considerations apply to turbulent boundary layers. While acceleration

terms are different for these two cases (laminar versus turbulent bound-

ary layers), these small discrepancies were incurred for the sake of a

much simpler experimental apparatus. The mechanics of sediment suspen-

sion in the turbulent boundary layer under oscillatory water waves has

also been simulated in a swing flume by Das (1971), but here again un-

natural acceleration and forces were exerted on the particles as the

wave orbital effects were not included.

Rough turbulent oscil-

latory boundary layers

88. The thickness of the boundary layer has historically been

defined as the vertical distance above the bed to that elevation where

the velocity is 99 percent of the free stream velocity, for both steady

and unsteady flows (Figure 16). While a mathematical definition of the

u = O.99U
1.0

0.8

0.6-

0.4

0 .2 - 3

0
0 0.2 0.4 0.6 0.8 1.0 1.2

U/U

Figure 16. Typical velocity profiles in boundary
layers: (a) steady laminar, (b) steady clear-
water turbulent, (c) steady sediment-laden turbu-
lent, (d) oscillatory laminar, and (e) oscillatory

turbulent flow
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thickness of the boundary layer does not exist, researchers have devel-

oped various definitions from assumptions regarding flow conditions in

the three regimes near a smooth bottom, i.e., the laminar sublayer, the

transition zone, and the turbulent layer. Schlichting (1968) has de-
1/2fined the oscillatory boundary layer thickness as (2v/w) where w

is the frequency of oscillation. Jonsson (1965) considers this same

thickness to extend from the bed to the elevation where the velocity

first reaches its maximum value, which defines a much thinner layer

than most other investigators. Proper evaluation of boundary layer

thickness is important from the standpoint of a conceptual model to

describe sediment movement, since shear stresses evolving from near-

boundary flow are directly dependent on boundary layer velocities.

89. Many different methods have been used to formulate the

boundary layer problem. Kalkanis (1963) assumed that the form of a

laminar solution is preserved in the case of a turbulent wave boundary

layer, and empirical coefficients were determined by experimentation

and curve-fitting. Such a representation has been shown to be capable

of interpretation in terms of an eddy viscosity. The studies of

Horikawa and Watanabe (1968) have shown that a periodic eddy viscosity

is present that is a function of depth, and Jonsson (1965) has deter-

mined values of the mean eddy viscosity which are an order of magnitude

greater than those which were deduced by Kalkanis (1963). Davies and

Wilkinson (1977) pointed out that a peculiar feature of the results

of both Jonsson and Horikawa is that, at certain instants in the wave

cycle, the calculations suggest that the eddy viscosity assumes a neg-

ative value. These negative values are explained by possible failure

of their mathematical model over a rippled bed where vertical veloc-

ities, which were not included in the formulation, are present. These

vertical velocities are associated with vortex formation in the lee of

the ripples.

90. The formation of ripples appears to play a critical roleI

in the problem of sediment transport in oscillatory flow. Since the

potential flow problem for oscillatory flow over a rippled bed has not

yet been solved analytically, it follows that the boundary layer
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thickness over a rippled bed cannot be defined (even for laminar

flow). Hence, the velocity profiles and bottom stress distribution

over ripples are subject to considerable uncertainty. Ripples are

seldom, if ever, stationary features of the bed; instead, they migrate

about their mean position with a wavelength that is governed by the

frequency w and the diameter A of the particle orbit. Ripple

wavelength may vary from a few inches to a few feet and constitute an

effective roughness much different from the bed particle diameters.

Height-to-wavelength ratio of bed particles (i.e. sand) is typically

in the range of 0.1 to 0.2, and the ratio of ripple wavelength to the

orbital diameter usually varies from 0.5 to 1.5. The dominant ripple

is considered to be that for which the growth rate of a small distur-

bance is a maximum.

91. For sediment transport under oscillatory wave motion, it is

the instantaneous velocity and bed shear stress that are of paramount

importance because this type of sediment transport is a threshold phe-

nomenon. Whether or not any particular theory correctly predicts the

velocity precisely is dependent to a large extent on an understanding

of the hydraulics of vortex shedding in the lee of bed roughness.

Friction factors for

oscillatory boundary layers

92. In steady flow it is known that shear stresses at the bottom

are directly proportional to the square of the average velocity for

turbulent flow. This analogy has been extended to oscillatory flows

by Jonsson (1965 and 1978) to relate the maximum bottom shear stress

and the maximum free stream velocity through a coefficient f ,termed

the wave friction factor, such that

(1/2) f u2  (43)max w max

For laminar boundary layers, the wave friction factor can be deduced as

f = 2/(RE)1/2 (44)
w
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where RE is the wave Reynolds number defined as

RE = (u A)/v (45)
max

Here umax  is the maximum particle velocity at the bottom, and A is

the orbital diameter, which now becomes the characteristic length scale

of the viscous motion. According to Jonsson (1965), the flow remains

laminar in the boundary layer only as long as RE is less than about

12,600. By this criterion, all prototype investigations will be

turbulent.

93. The transition from laminar to turbulent flow also depends

on the ratio of the orbital diameter A to the equivalent effective

roughness of the bottom d . The wave friction factor concept hase

been used to present empirical data obtained by various investigators,

by extending Lihe analogy of steady-state friction factors for pipe flow

as reflected in the Moody diagram. Jonsson (1965) found the wave fric-

tion factor f to be a function only of the relative roughness A/d
w e

for fully rough turbulent flow in the boundary layer. His wave fric-

tion factor diagram can be used through the application of Equation 40

to determine the maximum shear stress exerted by specific wave condi-

tions if the value of the relative roughness is known. This maximum

bottom shear stress associated with the wave motion is generally con-

siderably larger than the shear stress from a steady current of the

same magnitude. This emphasizes the importance of wave motion as an

initiating agent which makes sediment available for transport by a

* current which would otherwise not be able to initiate sediment motion.

94. The wave friction factor diagram was first presented by

Jonsson (1965), but it was based on very little data. Riedel, Kamphuis,

*and Brebner (1972) performed systematic experiments on both smooth and

sand-roughened beds in an oscillating water tunnel to measure the maxi-

mum shear stress from which the wave friction factor was then computed.

These data were sufficient to define the wave friction factor over the

range of practical use and has been presented in Figure 17 in the same

form as that of Jonsson (1965). The equivalent sand roughness for a
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Figure 17. Experimental wave friction factors (after Riedel, Kamphuis,
and Brebner 1972. By permission of American Society of Civil Engineers)

range of grain size particles was determined to be

Effective Equivalent
Sand Size, d5 0 , mm Sand Roughness, d , mm

_____50________ e M

0.37 1.41
1.65 8.43
3.13 15.80
9.30 51.50
50.00 139.00

95. Riedel, Kamphuis, and Brebner (1972) concluded that within

the laminar range the agreement between theory and experiment was very
4good. The upper limit of the laminar range occurs for RE = 10 which

corresponds approximately to the middle of the observed range of values

of transition for wave flume tests. In the smooth turbulent range, the

data points define a curve which lies approximately 25 percent below the

predicted line. However, this difference is remarkably small consider-

ing the assumptions that were made in the derivation of the theoretical
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expression. The lower limit of the smooth turbulent regime was found to

be RE = 6 X 10 , which agrees quite well with the theory. For the

rough turbulent flow regime, that most commonly found in nature, RE

number is no longer important, and a least-squares fitting technique

relates wave friction factor to roughness as follows:

1/2l/21

f(.5f +log l/4 fJ 0.122 + log (A/d ) (46)

This expression is consistent with the assumption that a logarithmic

velocity law exists near the bed. For A/d > 25 , the orbital ampli-
e

tudes are relatively large and unidirectional flow is approached; and

the phase difference between the free stream velocity and the shear

stress at the bed approaches zero. Hence, it was concluded that the

assumption of a logarithmic velocity profile at the instant of maximum

free stream velocity was reasonable.

96. The maximum value of the instantaneous bed shear stress under

oscillatory wave motion has been utilize(i by Nielsen (1979) to evaluate

the magnitude of the wave boundary layer friction factor f in termsw

of the periodic characteristics of the wave motion. The maximum value

can be expressed as

t p f (au)2  (47)
max 2 w

where velocity of the water particle just outside the boundary layer is

given by

u(t) = aw sin wt (48)

with the wave amplitude defined as a and the wave frequency expressed

as w . Since t is proportional to the square of the water veloc-max

ity, the variation of t with time can be considered as

t(t) tmax Isin uti sin wt (49)
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97. For laminar flow the friction factor for wave motion is

f = 2(v/a2u) (50)

but for the more general turbulent cases, it was found convenient by

Nielsen (1979) to use Swart's (1974) formula

fw = exp .213 ! - 5.977 (51)

which is a good approximation to Jonsson's (1965) semiempirical expres-

sion. Equation 51 is applicable when the ratio of wave amplitude to

roughness of the bed exceeds about 1.7. For smaller ratios, f hasw

been found to remain constant at 0.28. Under these considerations,

Equation 46 ,an be reexpressed as:

log 1 a

fw)l/2 + log 0.08 + log a--- (52)
4( 1/ 4 (fw)l/d e

and is displayed in Figure 18.

98. The bed roughness has also been investigated by Nielsen

(1979) and was found to be equal to the grain diameter when the bed is

flat and well smoothed. When the bed is not so well smoothed, it was

found to be reasonable to use

d 2.5 d (53)

When the bed is covered by ripples, the total shear stress was found to

be a function of both the ripple height n and the ripple length £ as

d - 25 n21/ (54)
e

Threshold of Sediment Motion Under Wave Action

99. Considerable attention has been given to the threshold of
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Figure 18. Wave friction factors as a function of work
amplitude to bed roughness ratio (after Nielsen 1979)

sediment motion under unidirectional currents such as those found in

rivers. Far less attention has been given to the threshold of sediment

motion under oscillatory wind waves because of the greater measurement

difficulty under the wave motion where currents are continuously varying

and accelerations are important. Historically, the procedure has been

to apply the curves of Hjulstrom (Figure 5) or Shields (Figure 6) for

unidirectional flow to the case of the wave motion and to realize there

might be some error since accelerating currents exert a greater shear

stress than does a steady flow of the same magnitude.

100. Komar and Miller (1973) analyzed five sets of previously

published data to determine the threshold of sediment motion under wave
action. These included data by Bagnold (1946) and Manohar (1955), who

oscillated a bed of sediment through still water within a tank. Besides

investigating the threshold, these two studies generated ripple marks

and vortex motions which seem to agree with wave channel and prototype

observations. The Rance and Warren (1968) data were obtained in an
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oscillating water tunnel using material as coarse as 4.8 cm. The advan-

tage of using an oscillating bed or water tunnel is that prototype pa-

rameters can be obtained, such as period, velocities, and accelerations,

although the forces resulting on the particles may not be precisely the

same as those in a wave flume. Other data analyzed by Komar and Miller

(1973) included that of Horikawa and Watanabe (1968), where wave heights

up to 7 cm were generated with periods up to 2.19 sec. The last set of

data was by Eagleson, Dean, and Peralta (1958), where the threshold of

single isolated grains resting on otherwise fixed particles was

investigated.

101. In the preliminary findings of this analysis, Komar and

Miller (1973) concluded that application of the Shields function to de-

fine the threshold of sediment movement under oscillatory water waves

could lead to considerable errors due to fundamental differences between

the entrainment forces associated with an unsteady oscillatory flow and

those associated with a steady unidirectional current. They displayed

the experimental data of Bagnold (1946) in a diagram showing sediment

grain diameter d as a function of the parameter

2
pu

e = max (55)
t (Ps - p) g d

Considerable scatter was found to exist which precipitated their prelim-

inary conclusions. However, it should be emphasized that the function

of Equation 55 is not the same as the Shields parameter of Figure 6.

102. Madsen and Grant (1975) and Komar and Miller (1974) inde-
pendently investigated the 1973 conclusions of Komar and Miller and
determined that the scatter exhibited by Bagnold's data in the first

comparison was caused primarily by a difference between the parameters

used for the comparison rather than by a basic difference between steady

unidirectional and unsteady oscillatory flows. In fact, it was found

that the data of Bagnold are in good agreement with the Shields function

when plotted in a Shields diagram of bed particle Reynolds number as a

function of the parameter

58



1/i max (56)
(Ps- p) gd

where Tmax is the maximum bottom shear stress of Equation 43. For

boundary layer flows it has become customary, following Jonsson (1965),

to relate the bottom shear stress to the near-bottom particle velocity

through the friction factor f of Equation 43. The basic difference

between the parameters 8t  and 1/* is the noninclusion of the fric-

tion factor in the et parameter of Komar and Miller in 1973. Fig-

ure 19 is the more recent display of all the data by Komar and Miller

(1974) in the form of the customary Shields diagram which includes the

influence of the wave friction factor f . The data of Manohar (1955)w
plot somewhat above the Shields function, but the deviation is at most

by a factor of 2, which is a deviation found even in experiments with

steady unidirectional flows. Madsen and Grant (1975), therefore, con-

cluded that the Shields function, with all its shortcomings, may serve

as a relatively reliable and quite general criterion for the threshold

of sediment movement under water waves.
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Figure 19. Comparison between the Shields curve for threshold under

unidirectional currents and the threshold data for oscillatory wave
motion (after Komar and Miller 1974. By permission of American

Society of Civil Engineers)
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103. Komar and Miller (1974) recognized that for oscillatory wave

motion, the threshold of movement for a given grain diameter d and

density p can be specified by a wave period T and orbital velocity

at the near-bottom u The best-fit expression for this relation ismax

for d < 0.05 cm: p U2a/(O - p) g d = 0.21 (A/d)1 /2  (57)
max s

for d > 0.05 cm: p u2a/O - p) g d = 0.46 iT (A/d)I/4  (58)max s

Equations 57 and 58 are displayed graphically in Figure 20. Since all

data used in these developments came from laboratory experiments of

various configurations, probably the most severe shortcoming of these

results is the limited amount of prototype field data to verify these
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Figure 20. Near-bottom orbital velocity for

•1 threshold of sediment motion under oscillatory
waves (after Komar and Miller 1974. By per-
mission of American Society of Civil Engineers)
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conclusions regarding the threshold of sediment motion under oscillatory

waves. Interactions of wave trains of differing periods under natural

conditions may generate instantaneously higher velocities, and sediment

motion may occur at lower velocities than those implied in these analy-

ses. Dingler and Inman (1976) studied ripples in fine sand in the field

at La Jolla, California. They found that when the bottom is subjected

to waves of variable height and of sufficient intensity that transition

ripples occur following the passage of intermediate height waves, the

larger waves will produce sheet flow and a flat bottom. As the wave

conditions intensify, sediment begins to move and vortex ripples start

to form. The ripples eventually reach an equilibrium configuration with

a steepness of about 0.15.

104. Naheer (1979) developed an empirical relation to describe

the conditions under which a rock embedded in the upper layer of a bed

of similar rocks will start to move during passage of solitary waves.

Rock (specific gravity 2.68) of two different diameters was tested

(5.44 mm and 7.70 mm), and coal (specific gravity 1.28) of two different

diameters (8.00 mm and 11.10 mm) also was investigated. The amount of

motion of these four materials was measured in a wave flume and found to

depend on a dimensionless shear stress similar to the Shields parameter.

This slightly different parameter comprises the ratio of the hydrody-

namic shear force exerted on the bed to the submerged weight of the par-

ticles. Extrapolating the curve passing through the experimental data

to the point of zero motion yields the value of the dimensionless shear

for which incipient motion occurs. Theoretical considerations were used

to evaluate the shear stress under the waves, and the dimensionless

shear was then transformed such that incipient motion could be described

in terms of measurable quantities; i.e., the density and diameter of the
particle, the density and depth of the water, and the wave height. Wave

period has no meaning for solitary waves. The relation between these

quantities can be expressed as follows:

T ~K(H/y) 2(d/y) - 7(9
max 2(p s/p - 1)[1 + (H/y)] (~
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The empirical relation for the coefficient K is presented in Fig-

ure 21. In this figure, and in Equation 59, H is wave height, d is

particle diameter, and y is still-water depth. The friction coeffi-

cient was found to be independent of Reynolds number.

C,
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Figure 21. Empirical relation between

K and H/y (after Naheer 1979)

Sediment Transport by Wave Motion

i 105. In steady unidirectional flow, once it is set in motion,

*sediment will be transported in the direction of flow. Thus in a steady

i icurrent, sediment transport rate is related to flow characteristics and

to the interrelationship between fluid and sediment properties. In os-

*cillatory, unsteady flow sediment motion is much more complex, since the

* flow above the bed and hence the sediment transport continually varies

in magnitude as well as direction. To the first-order approximation,

the near-bottom fluid velocity associated with wave motion may be de-

scribed by linear theory as a purely oscillatory motion. Thus, no net

sediment transport is associated with the motion even if the threshold
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velocity has been exceeded. However, water waves do not induce a purely

sinusoidal flow near the bed. Nonlinear effects such as wave asymmetry

and wave-induced mass transport currents disturb the equilibrium between

the to-and-fro bottom motion, thus producing a net sediment transport.

For finite amplitude waves, the wave profile is no longer symmetric

about the mean free surface and wave crests become more peaked than wave

troughs. Near-bottom velocities exhibit a larger forward velocity of

shorter duration under the wave crests and a smaller backward velocity

of longer duration under the troughs than that predicted by linear

theory. Net sediment transport, then, is brought about by the small

difference between large quantities of sediment moving forward and back-

ward with the wave.

106. From the breaker zone shoreward, the complex flow patterns

produced by turbulence associated with wave breaking and the return flow

across the surf zone result in, at best, only a qualitative approach to

sediment transport estimates. Quantitative estimates, which are only

approximate at best, are based on field measurements of gross transport

quantities. Seaward of the breaker zone, in relatively deep water, the

sediment transport problem can be approached in a somewhat more theoret-

ical manner. Laboratory and field observations indicate that sediment

transport on the sea bottom offshore of the breaker zone is of two dif-

ferent types (bed load and suspended load as in unidirectional flow).

The mechanism for both types of motion is the oscillatory flow near the

bed induced by the wave propagation.

Bed-load transport by wave motion

107. It has been hypothesized for some time that a basic similar-

ity exists between the motion of river sediment (unidirectional move-

ment) and that of coastal sediment (oscillatory movement). This does

not imply that the laws governing the two phenomena are exactly the

same, nor that the theories of riverflow are directly applicable to wave

motion. It does imply, however, that some fundamental concepts used in

the derivation of one theory may be applied as a basis for derivation

of the other. The Einstein (1950) analysis for sediment transport in

rivers has been applied to wave-induced sediment transport. This
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analysis supposes a thin moving layer between the suspended load and the

fixed bed, which has come to be known as bed load. The reasoning is

that very close to the bed, the scale of turbulence is so small that the

eddies are the same order of magnitude as the particles and thus are

unable to move the particles away from the bed. The bed layer in motion

is considered to have a thickness of about two grain diameters, an esti-

mate based on observation.

108. Kalkanis (1963) developed a semiempirical approach to the

determination of bed load under wave action based on an application of

Einstein's bed-load concept for unidirectional riverflow. The approach

has been modified to account for the unsteady oscillations of forces and

accelerations and correlated with results of certain critical experi-

ments. Abou-Seida (1965) extended the work of Kalkanis by conducting

additional experimental efforts to better define the shape of the inten-

sity of flow and intensity of transport functions by using actual wave

flume tests instead of the oscillating bed previously employed. He also

introduced modifications necessary to the Kalkanis approach in order to

have a general solution for the sediment transport of coarse particles

as well as fine sediment. It was found that shape of sediment particles

is much less important than particle size. It is therefore possible to

describe the sediment by its size analysis and its fall velocity vf

Both these researchers (Abou-Seida and Kalkanis) used plane beds in

their experiments.

109. The only other known data on bed-load sediment transport

rates under oscillatory waves is that provided by Manohar (1955) who

undertook a study of bed-form geometry and migration using a slightly

different oscillating plate. The oscillations of the sediment-carrying

plate were not purely sinusoidal as asymmetric motion was achieved by

changing the radian frequency. Sediment motion occurred only during the

forward motion of a test, and knowledge about sediment transport rates

in the presence of a rippled bed form was discernible.

110. Madsen and Grant (1976) reanalyzed the data of Kalkanis

(1963) and Abou-Seida (1965) by nondimensionalizing the bed-load sedi-

ment transport rates by the fall velocity vf and the diameter d of
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an equivalent spherical sediment grain. Since the experiments analyzed

were performed for an initially flat bed, the equivalent sand roughness

of the boundary was taken as the sediment grain size. From knowledge

of the oscillatory motions of the plate and applying Jonsson's (1965)

wave friction factor, the value of the maximum boundary shear stress

could be computed by Equation 43. These data are displayed in Figure 22
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Figure 22. Empirical relation for bed-load
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Madsen and Grant 1976. By permission of
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and indicate a rather well-defined functional relation between the two

parameters of the type

y a X
3

The constant of proportionality was evaluated by taking the instantaneous

values of the sediment transport function and the instantaneous value of

the Shields parameter under the basic assumption that the response time

of the rate of sediment transport is short relative to the time it takes
for the Shields parameter to change appreciably. Ultimately, the solu-

tion was obtained as

Y = 12.5 X3  (60)

111. The data from Manohar (1955) were treated in a similar man-

ner by Madsen and Grant (1976) but were displayed separately because of

the rippled bed that developed in some of the experiments. This display

is presented in Figure 23. The bed remained flat in some of the tests

since the ripples formed only for a certain range of values of the

transporting force. For small values of shear stress, the sediment

transport was insufficient to cause development of bed forms whereas the

sediment transport was so intense at high shear stress values that bed

forms were completely washed away.

112. While there is apparently no general agreement among near-

shore prototype investigators regarding the vertical extent of the bed-

load layer, Downing (1977) suggested that the bed layer extends about

10 grain diameters above the bed of stationary material. Above this

level, the grains are transported by suspension mechanisms. Three ap-

proaches presently can be undertaken to determine the rate of bed-load

movement in the field based on this criterion: (a) bed-load traps, (b)

tracer studies, and (c) bed-form migration studies.

113. Bed-load traps. The bed-load trap has been used extensively

in the laboratory but less frequently in the field. The device consists

of a receptacle with an opening or grating configured so that moving

grains in the vicinity of the device decelerate and fall into a collec-

tor. In the field the traps used by Cook and Gorsline (1972) were
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planted by divers and consisted of two configurations so that grains

moving onshore and offshore could be separated. Typical field sampling

times ranged from I to 4 hr.
114. Tracer studies. Unanimity does not exist among researchers

regarding the proportion of bed load that is measured by tracers;
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however, all tracer investigations require the ;ame basic assumptions:

the labeled grains have dynamic characteristics identical with those of

the bed material, transport occurs in a mobile layer of constant thick-

ness, and the areal distribution of labeled grains on the surface is

identical with the tracer distribution in the entire volume of the mo-

bile layer. Radioisotopic and fluorescent materials are predominantly

used at the present time, and either a space integration method

(Lagrangian) or a time integration method (Eulerian) can be used. There

are two major advantages with radioactive labeling of tracer materials.

Unlike fluorescent tagged sand, radioactive sand is rapidly detectable

in situ. Also, submersible detectors are capable of surveying a large

study area almost synoptically, and thus a larger proportion of the

dispersal area can be sampled.

115. Bed-form migration studies. Field evidence by Dingler and

Inman (1976) indicates that ripples under shoaling gravity waves migrate

in the direction of wave propagation, i.e. onshore. However, previous

flume experiments by Inman and Bowen (1963) suggest that ripples under

waves superposed on even small currents flowing in the direction of wave

propagation can migrate in the direction opposite to wave propagation.

It is apparent that the process of sediment transport near a rippled

bed under the influence of both oscillatory waves and a current is not

totally understood. Since ripples and sheet flow can coexist under a

wide range of conditions, time series data of bed-form topography should

not necessarily be considered overly reliable for the prediction of bed-

load transport rates.

Suspended load
transport by wave motion

* 116.. In unidirectional fully developed turbulent flow in rivers,

the steady-state, one-dimensional mass balance equation between the
downward flux of material due to gravity and the upward flux due to

turbule-nt exchange, together with the linear turbulent shear sttess

distribution and logarithmic velocity profile, are used to describe

the distribution of suspended sediment. However, in an oscillating

flow field under the action of surface gravity waves, the mechanics of
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suspension are far more complex. The turbulent shear stress is periodic

in time and space, and homogeneity does not exist in the turbulence

since entrainment is intermittent due to the oscillatory nature of the

flow in the presence of vortex shedding. The intensity of the vertical

turbulent velocity fluctuations decays with distance above the bed and,

therefore, the suspension is confined to a relatively narrow zone. The

diffusion coefficients are dependent on the Reynolds stresses; and out-

side the boundary layer where the turbulent fluctuaticns are uncorre-

lated, the excursion length of the vertical component of velocity

fluctuations governs the suspension mechanisms.

117. Laboratory experiments have been performed by Das (1971) and

MacDonald (1973) to develop, from an empirical approach, a method for

predicting the distribution of suspended sediment concentration based on

the hydraulic flow conditions; i.e. surface wave amplitude and period,

water depth, sediment characteristics, and bottom roughness. As in

Kalkanis' bed-load function, the approach to the suspended load analysisi was based on principles advanced by Einstein for suspended load trans-

port in unidirectional flow. Laboratory and field observations by

MacDonald (1973) indicate that suspension of sediment occurs to heights

considerably above the boundary layer in an area where the shear

stresses due to the oscillating motion are extremely small and difficult

to measure. MacDonald (1973) concluded that any sediment exchange co-

* efficient hypothesized for the boundary layer would not provide a means

of estimating the exchange coefficient above the boundary layer. There-

fore, a sediment exchange coefficient should be conceived which is not

based on a shear stress distribution. Offshore from the breaker zone,

where near-bottom velocities are the same order of magnitude as the fall

velocity of the particles, a momentum exchange coefficient probably does

not give a good estimate of the sediment exchange coefficient. Hence,

velocity fluctuations should be used in analyzing the upward turbulent

flux and the downward gravitational flux of sediment, concentration dis-

tributions for various flow conditions must be measured, and sediment

exchange coefficients can be determined.

118. The transfer of sediment in the vertical direction from a
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region of high concentration to a region of low concentration through a

unit section area is (-1/2 te v 3C/3y) where 2e is the mixing length

for the sediment exchange, v denotes the exchange discharge through

the unit area due to vertical velocity fluctuations, and C is the con-

centration of suspended sediment with settling velocity vf at eleva-

tion Y . There also exists a continuous settling of particles through

the unit area at a rate of (C vf) The equilibrium condition is

(C vf) + (1/2 Z. v aC/ay) = 0 (61)e

From the results of the specialized laboratory experiments, empirical

values of the necessary parameters were determined by MacDonald (1973).

1/2 Ze = [-vf/(M so)]exp(l0.57 Y) (62)

where

M 11.53 U - 18.45 (63)0

and

s = 0.0885 U + 0.0557 (64)
0 0

U is the average velocity of flow in the laboratory flume. It was0

found that the concentration distribution in oscillating flow could be

expressed

, C/C° = exp(M Y) (65)

The base concentration C had been previously determined by Kalkanis
0

(1963) as

C0 = (0.618 qbed)/( 2 d u max) (66)

and qbed can be determined from Figure 22.

119. Suspended solids in either the laboratory or field situation
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can be measured directly by mechanical sampling devices or indirectly

with sensing instrumentation based on a variety of physical principles.

120. Mechanical sampling devices. Mechanical samplers currently

used in the nearshore environment are of the point integrating and in-

stantaneous types. Both types take a bulk volume sample; the latter

does so rapidly (in less than a few seconds) while the former samples

at a fixed point over an extended time period (greater than 10 sec).

Suspended material has a wide range of dynamic characteristics, and much

uncertainty exists regarding sampler efficiency. Some mechanical sam-

plers must be operated by divers, but according to Downing (1977) the

University of Washington has developed a sampler that takes a core of

the otherwise undisturbed suspension by thrusting a rigid cylinder

around the sample volume, and this instrument has been used in both the

surf and swash zone. However, the support frame and closure mechanism

are prohibitively large, and thus the sampler cannot be used near cur-

rent meters. Most surf zone suspended sediment data have been acquired

with point-integrating samplers. Laboratory studies have indicated that

the efficiency of samplers which draw a volume of suspension through a

nozzle is greatly affected by the angle between the nozzle axis and the

mean flow direction. Vial traps appear to be a useful means of obtain-

ing time-averaged vertical profiles of suspended sediment concentration.

Since the efficiency of these devices has not been accurately determined

at various levels of turbulence intensity, it may not be clear wha, per-

cent of the suspended load is actually being measured.

121. Indirect sensing devices. Photoelectric transmission meters

Snand electrical-resistance particle counters have been used in many flume

studies of sediment suspension under waves. An integrated light

scatter-transmission meter has been developed by the Scripps Institution

*of Oceanography (Downing 1977), and has been calibrated in a turbidity

* tank and deployed in the field for preliminary testing. Because of its

rugged construction and compact geometry, the instrument appears to pro-

duce minimal distortion of the velocity field. The major deficiency of

both scatter and transmission type electro-optical instruments is their

inability to distinguish between the many types of suspended particles
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encountered in nearshore waters. Hence, quantitative results are un-

certain at this time, although a variety of instrument systems are cur-

rently in use by the medical profession that operate in the ultrasonic

frequency range and are potentially applicable to the suspended sediment

measurement problem.

122. Field investigation. Suspended sediment concentration was

measured in 235 breaking waves on undeveloped beaches near Price Inlet,

South Carolina, by Kana (1978 and 1979) using portable in situ bulk

water samplers. The purpose of the study was to determine what factors

control the distribution of suspended sediment in the breaker zone. As

many as 10 instantaneous 2-litre water volumes were obtained in each

wave for a total of 1500 samples. Concentrations of suspended sediment

were determined at fixed intervals of 10, 30, 60, and 100 cm above the

bed for various surf zone positions relative to the breakpoint. The

majority of waves sampled during 22 days in June and July 1977 were

relatively long-crested, smooth, spilling-to-plunging in form, with

breaker heights ranging from 20 to 150 cm. The beaches sampled were

gently sloping (mean beach slope = 0.015), fine-grained (mean grain

size = 0.18 mm), and densely compacted with an absence of small-scale

bed forms.

123. Suspended sediment in the breaker zone was found to be com-

posed of two fractions: a continuous wash load mode above 60 cm from

the bed, and an intermittent mode of coarse bed material entrained to

lower levels during certain wave conditions. Mean concentration de-

creased exponentially above the bed to approximately the 60-cm eleva-

tion, then maintained a generally constant level up to the water sur-

face. Suspended sediment concentration at the study sites ranged over

three orders of magnitude up to approximately 10 grams per liter.

124. The principal factor controlling suspended sediment concen-

tration at a point in the breaker zone is the breaker type according to

* Kana (1978). Plunging waves typically entrained one order of magnitude

*more sediment than spilling breakers. Breaker type for these data could

be reasonably quantified as a continuous variable on the basis of rela-

tive wave height, d./H . Plunging waves near Price Inlet occurred at
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db /Hb < 0.89 ,whereas spilling waves generally broke at db/Hb > 1.10

Mean concentration increased with decreasing db/Hbo according to:

Logl0 (SS 10) 17.4 - 1.7 (d b/H b) (67)

where SS 1 indicates suspended sediment concentration at 10 cm above

the bed. This theorized model accounted for almost 60 percent of the

variation in mean concentration by db/Hb

125. Secondary controlling factors of concentration also included

distance relative to the wave breakpoint, beach slope, and wave height.

Mean suspended sediment in the breaker zone reached a maximum several

metres landward of the breaker line, peaking more sharply in plunging

than in spilling waves. For the range of slopes in the study (0.004 to

0.040), mean concentration increased according to:

Lo910 (SS 10) 0.22 + 14.5 m (68)

where m is the beach slope.

126. The relation between wave height and concentration depended

on breaker type. There appeared to be little or no dependency of con-

centration on wave height for spilling waves. However, for plunging

waves, suspended sediment concentration at a point decreased with in-

creasing wave height.

127. For the Kana (1978) data collected under moderate swell

conditions, suspended sediment concentration was independent of wave

period, longshore current velocity, wind velocity, and any breaker-type

parameter involving wave steepness H/ . Kana's (1978) conclusions

were that although the amutof variation in mean concentration ac-

counted for only up to 6pecntsedata support the notion ta

sediment suspension in the surf zone is statistically predictable. The

importance of breaker type on concentration suggests that transport ofI

sand in the surf zone is less dependent on wave height and wave steep-

ness than on relative wave height d b /H b
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Onshore-offshore movement

128. Johnson (1949), and other investigators, have long recog-

nized two distinct classifications of beach profiles: (a) summer pro-

files with wide, flat beaches and (b) winter profiles with narrow, steep

beaches. It was found that incident deepwater wave steepness was the

principal factor in determining which type of equilibrium profile would

be attained. When H /L < 0.025 , material is carried in the onshore

direction, flattening out the offshore region and building up the region

near and beyond the breaker. When H 0/L 0> 0.025 , material moves in

the offshore direction, removing sand from the breaker region and depos-

iting it in the offshore area.

129. Prototype field studies have been performed by Nordstrom

and Inman (1975) where the principal objective was to measure beach pro-

files along a straight beach with uncomplicated offshore bathymetry that

is exposed to ocean waves from all offshore directions. Emphasis wasi placed upon the accurate measurement of beach profiles in order to de-
termine changes in profile configuration caused by wave action. Pro-

files were measured from the beach backshore seaward to a depth of about

18 m at monthly intervals for a period of 23 months. Additional mea-

surements were made following storms and periods of high waves in order

to document the extent of profile modification associated with storms

and/or high waves. Comparison of the profiles from month to month and

seasonally was made to determine the erosional and depositional parts

of the profile and the volumes of sand involved in onshore-offshore

transport.

130. Conclusions reached from these field studies off the coast

of southern California include the fact that all significant changes in
beach profile configuration can be related to the incident waves, tides,

and local storms with strong onshore winds. Formation of a summer pro-

* file configuration is the result of a progressive onshore migration of

sand from depths of less than 33 m that accretes on the beach face. The

summer beach profile is characterized. by a pronounced berm crest that

is produced by the progressive accretion of sand starting as a bar at

depths of I m. The summer beach profile at this particular location did
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not fully develop until October when the berm crest was prograded the 4

farthest seaward and beach face slope was the steepest. The change

from summer to winter profile began to occur in November. At the time

of high waves and tides, the summer profile berm crest was easily over-

topped by wave runup and the upper foreshore quickly eroded. Most of

the sand transported offshore during the winter seasonal change was re-

moved from the beach face during the few days when high waves and tides

were coincident. This sand which was transported offshore was deposited

in depths of from 3 to 9 m. There was no detectable sand level change

at depths greater than about 14 m.

*1
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PART V: SCOUR BY WAVE ACTION

131. Coastal and offshore structures are susceptible to continual

attack by waves and closely related current action. Many failures of

these structures, such as piling, seawalls and revetments, or undersea

pipelines, occur as a result of excessive local scour. When an object

is placed on thle sea floor, the dynamic equilibrium is disturbed, local

velocities increase, and additional turbulence and vortices are gener-

ated so that the flow locally obtains a greater transport capacity.

Unless protected, materials around the foundations of these structures

are susceptible to scour and transport by currents, thus undermining

the integrity of the overall structure. This erosive action of both

oscillatory waves and unidirectional currents in thle coastal zone has

long plagued engineers concerned with the planning, design, construc-

tion, operation, and maintenance of marine structures. Foundation

scour has significantly affected the economics and service life of

many coastal structures.

132. Damage and repairs to three fundamentally different types

of coastal structures along the coast of North Carolina have been docu-

mented by Machemehl (1979). The Herbert C. Bonner Bridge (designed and

constructed under the supervision of the North Carolina State Highway

Department) spans the mile-wide unimproved Oregon Inlet which connects

the Atlantic Ocean with Pamlico Sound. The combined effect of ocean

waves and tidal currents caused scour depth on the order of 8 ft to

* occur around the piles supporting the bridge, and settlement of the

bridge resulted which necessitated major repairs to the bridge. The

Cape Hatteras groin field (designed and constructed by the U. S. Naval

Facilities Engineering Command) on the shoreline of Hatteras Island has

been a persistent problem for many years. The concrete and steel sheet

pile groins have deteriorated as a result of very deep scour pockets,

and major repairs are required to bring the groins to a functional

level. Revetment along the shoreline o--f Fort Fisher State Historic

Site (joint effort by State of North Carolina and LT. S. Army Corps of

Engineers) has experienced one of thle highest rates of erosion known
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to exist along this coastline. Wave action has caused substantial

settlement and deterioration of the revetment, and extensive erosion

of the shoreline has resulted.

133. One of the major problem areas addressed by this research

effort is that of erosion at the outer end of jetties where, under flood

flow conditions, the tidal current components can be advancing at 90 deg

to the orbital motion produced by the wave kinematics. The resulting

flow field is complex and has not been investigated either experimen-

tally or analytically. Most scour-related laboratory investigations and

field studies have been concerned with scour and erosion around piles,

massive nearshore structures such as breakwaters or seawalls, or around

pipelines on the sea floor.

Scour Around Vertical Piles

134. A laboratory experimental study was conducted by Abou-Seida

(1963) to investigate scour patterns around some idealized structures

of various geometric shapes under certain flow conditions. The struc-

tures tested included: (a) 2-in.-diam circular pile, (b) 2-in. square

pile, (c) submerged 2-in.-diam hemisphere, and (d) a thin vertical plate

2 in. long placed at right angle to the direction of flow. Different

experimental runs were carried out under the hydraulic conditions of:

(a) a discharge large enough to cause an initial motion of bed material,

(b) long and short waves with sufficient velocity at the bottom to cause

an initial oscillatory motion of sand particles, and (c) a combination

of these two cases, i.e., waves superposed upon a streamflow in the

direction of wave propagation.

135. The observations and conclusions of Abou-Seida (1963) in-

cluded the fact that under wave action alone, the flow pattern around

a structure changed periodically with time, eddies formed on both sides

of the piles (upstream and downstream), and thus the exact flow condi-

tions around the structure cannot be described mathematically. The mean

velocity of flow of the unidirectional current was 1.096 fps, while the

maximum bottom velocity of the two waves tested was 0.15 and 0.24 fps,
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respectively. It appears the steady current had a strength of from four

to six times that of the wave field, and this probably accounts for the

observations that scour due to the waves was much less than that due to

the current alone. It was also observed that the scour was less severe

in the case of long waves than with short waves. The researcher ac-

counted for this as being the effect of the acceleration field which is

larger in the case of short waves than with long waves.

136. When waves were superposed upon the streamflow, the current

pattern in the vicinity of the structure was very complex. The position

of the vortices changed with time, and the interaction between the vor-

tices induced by the current at the leeward side of the structure and

those induced by the oscillatory motion of the water particles seemed to

reduce the scouring action of the current. It appeared that the latter

eddies played a role of disturbing the scouring energy of the first ones

and thus reduced the concentrated action of the vortices. The volume of

scour in this case was also less than in the case of the current alone.

Results of this series of tests are shown in Figure 24. The shape of

the scour hole became more like that of a saucer than an inverted cone

which had been produced by the unidirectional flow.

137. Field studies have been performed by Palmer (1969) to relate

oceanographic parameters to the rate and magnitude of scour developed

around natural and artificial obstructions to oscillatory wave-induced

motions on the sea floor. The study was conducted at various sites

along the coast of southern California in water depths up to 80 ft.

Conclusions were based primarily upon time-lapse and real-time motion

picture photography of the scour phenomena. A schematic view of the

general hydrodynamic situation in the vicinity of an obstruction is

shown in Figure 25 and indicates the pattern of secondary flows, or

turbulence, which accounts for the removal of granular materials through

the scour process. The main scouring force is the primary vortex that

develops in front of the pile. Since the fluid velocity increases with

increasing height above the bed, a pressure gradient is established and

the result is flow downward along the upstream side of the pile. Ero-

sion associated with the primary vortex created a flat floor within the
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a. A circular pile c. A hemisphere

b. A square pile d. A flat plate

Figure 24. Equilibrium bed configuration due to short waves
superposed on a unidirectional streamflow of magnitude

U = 1.096 fps , u m 0.15 fps (after Abou-Seida 1963)

scour hole adjacent to the walls of the obstruction.

138. Secondary turbulence associated with the separation vortex

formed a weak counter-vortex near the rim of the leading edge of the

scour hole. Fluid at the sides of the pile accelerates to pass around

the pile, and this flow maintains the transport of grains thrown into

suspension by the primary vortex. Laboratory measurements reveal that

the velocity in this region is about twice that of the ambient flow

velocity over the sea floor. The pressure gradient at the rear of the
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Figure 25. Schematic diagram of wave motion effects on a
vertical pile, and the associated fields of turbulence
(after Palmer 1969. By permission of American Society of

CvlEngineers)

pile is the reverse of that developed at the upstream side. Here the

pressure gradient decreases with increasing height above the bed, and

this imbalance tends to lift grains out of the scour hole in a turbulent

wake. Scour equilibrium is achieved for given oceanographic parameters

when the volume of material removed by the vortex turbulence is matched

by the volume of material introduced into the scour hole through bed

and suspended loads.

139. The progressive growth of the scour hole to ultimate condi-

tions occurred in a manner such that the bottom of the hole expanded

rim. This continued until a critical distance of about one-half the

diameter of the obstruction had been attained by the bottom of the hole,

at which time the primary vortex system remained static and the rim con-

tinued to increase in circumference through slumping of the bed material.

140. Among the conclusions reached by Palmer (1969) was that the

shape of the object had a significant effect on sediment transport rates

early in the history of the scour, but eventually the overall object

diameter became the dominant factor. Objects with a blunt or flat
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surface exposed to flow will initially scour more rapidly than stream-

lined objects. The upper 10 percent of wave velocities measured in

these field tests on the sea floor ranged from 24 to 61 cm/sec. It

* Iappeared that for this range, the scour hole diameter is independent

of both velocity and grain size. Individual elements of pile clusters

are initially scoured as individual obstructions; but after the scour

holes coalesce, the scour hole for the cluster approaches that of a

single element having a diameter of the cluster.

141. The scour around a circular pile due exclusively to wave

motion was investigated experimentally in the laboratory by Wells and

Sorensen (1970). They found that the critical velocity of the wave

necessary to cause incipient motion was lower than that for steady-state

flow, but that the ratio of the maximum velocity on the pile boundary

to the free stream velocity was less than the value of 2.0 predicted by

potential flow theory. The ultimate scour depth was directly related to

the pile Reynolds number, and the scour pattern that resulted was pri-

marily influenced by the pile and wave characteristics. A representa-

tive sample of their scour pattern results is presented in Figure 26.

142. Wells and Sorensen (1970) and Breusers (1972) emphasize that

to predict scour depths for prototype situations from laboratory experi-

ments was presumptuous at the time of their studies. Both geometric

and dynamic similitude must exist between model and prototype for pre-

dictive equations to apply, and these requirements were far from being

met under described conditions. However, from the results of these in-

vestigations, it was conjectured that the maximum scour observable in

the prototype would be approximately equal to one pile diameter, which

for a typical offshore drilling platform would be about 5 ft.

143. Other laboratory experiments have been performed by

* Machemehl and Abad (1975) to study scour around piles where surface

gravity waves are superposed on a steady current flowing in the direc-

tion of the waves. They concluded that the increase of the water par-

ticle velocity in the immediate vicinity of the foundation, as the

streamlines approached and divided around the pile under different

conditions of wave and current velocities, was the most significant
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Figure 26. Scour pattern resulting from wave motion

around a circular pile. Contours are feet x 1000

(after Wells and Sorensen 1970)

scouring mechanism. This phenomenon combined with the diving velocity

PIL

~component at the nose of the pile and the rising component at the tail,

~as well as with the vortex systems and eddies. The addition of oscil-

t 'i

~latory waves to the unidirectional current flow field expedited the

rate of the scouring process, although the ultimat we of the scour

hole appeared to be approximately the same with or without the test

waves being present. The scour produced under the influence of long

waves occurred at a faster rate than that produced with short waves.

This may not be entirely consistent with the limited test results of

Abou-Seida (1963). The greatest scocurentrred at the horseshoe

periphery forward of the pile, and this was attributed to the
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increased velocity referred to as the horseshoe vortex.

Scour in Front of Seawalls and Around Breakwaters

144. Seawalls and breakwaters are usually built to protect a por-

tion of a beach from scour and erosion caused by the continual breaking

of waves directly on or in front of the beach face. In order to prop-

erly locate the protective structure, an estimation of the beach profile

that will exist after construction of the structure is necessary and can

be determined to a first approximation by experience and general guide-

lines. The scour that is expected to occur at the toe of such struc-

tures will develop a trough with dimensions based on the type of struc-

ture, the nature of the wave attack, and properties of the foundation.

Where rubble-mound structures are concerned, the scour may be allowed

for by overbuilding the structure to account for settlement into the

scour hole, a stone blanket may be placed for some distance seaward of

the structure toe to prevent formation of the scour hole, or excess

stone may be placed on the toe to fill the anticipated scour trough.

The U. S. Army Engineer Coastal Engineering Research Center (CERC) (1975)

estimates that as a general guideline in a wave climate only, the maximum

depth of scour in front of a structure below the unscoured natural bed

is about equal to the height of the maximum unbroken wave that can be

supported by the original water depth at the toe of the structure.

145. Chesnutt and Schiller (1971) simulated the scour due to wave

action in front of seawalls in laboratory experiments, and in their lit-

erature review found that Russell and Inglis (1953) had studied scour in

front of a vertical wall by generating a constant wave height. This

required the wave period and, therefore, the wavelength to be varied as

the depth varied. The ultimate scour depth was found to be about one

wave height below mean low water; but because of the peculiar experi-

mental situation involved, the results are difficult to extrapolate

to more general situations. Chesnutt and Schiller (1971) discovered

that the relative position of a seawall (its location between natural

shoreline and the breaker line), which changes with each change in
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wavelength, is as critical as the wave height in determining the amount

of scour that occurs.

146. Sawaragi (1966), in his investigations of scour at the toe

of permeable structures, found a relation between the void ratio of the

structure, the coefficient of reflection, and depth of scour. Herbich

and Ko (1968) extended the work of Sawaragi (1966) and developed a math-

ematical model for determining the ultimate depth of scour S as

11/
S d a2 I C) u [3/4 CDP cot )1/ 1 (69)r max D d 5 0 (YS - Y

where

a =H + H r(70)

and

C r= H r/H 1(71)

weeC D=drag coefficient of a spherical particle

H =incident wave height

Hr=measured reflected wave height from the structure

Alexperiments performed indicated there is an asymptotic limit to
scour depth. Scour depth increases very rapidly during the first few

hours; subsequently the erosive process slows and finally reaches a

state of "ultimate" erosion.

147. Scour in front of 30-, 60-, and 90-deg seawalls was studied

by Sato, Tanaka, and Irie (1968), for both normal and storm beach pro-

files, using several grain sizes. After an equilibrium beach profile

* had been established, a seawall was introduced into a model; and five

types of scour were observed and the mechanism producing each type was

defined. They found that maximum scour depth would probably be no

greater than the deepwater wave height which produced the scour. Also,

the reflected wave was found to be a significant parameter in addition

to the still-water depth. Along breakwaters or jetties, the toe of the
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structures was scoured severely where the structure crossed the longshore

bar, and at the tip of the structure. In a field situation, agitation

due to waves breaking on the structure and the wave-induced currents

around the structure play an important role in the scouring process.

148. Caisson-type structures exposed to wave action were experi-

mentally investigated by Donnelly and Boivin (1968), and they determined

that the most vulnerable part, from the standpoint of foundation ero-

*sion, is at joints between abutting caissons. For direct wave attacks,

the velocity through the open joint can be estimated approximately as

V = 1.25 (2 n H/T)(l/sinh 27d/L) (72)

Unless the material in the joint is coarse enough to resist this scour-

ing velocity, erosion problems will likely occur. In practice, joints

between abutting caissons should be effectively sealed if erosion prob-

lems are to be avoided. To seal the joints, two key placements are

necessary: (a) one on the seaward side of the structure and (b) one on

the harbor side. The height of the granular fill required to prevent

erosion is

h = 2 H/cosh 2nd/L (73)

For coarser types of gravel fill with suitable filters, the height given

by Equation 73 can be reduced by up to 30 percent.

149. Recently, the construction of permeable detached breakwater

systems of concrete blocks has become widely practiced as a counter-

measure against beach erosion in Japan. Most of these breakwaters

function effectively; however, there are occasional reports of erosion

caused by local scour and wave-induced currents around the breakwaters.

Experiments were conducted by Hotta and Marui (1976) to investigate

characteristics of the local scour; and it was found that local scour

and beach change exist simultaneously. That is, the local scour is

superposed upon larger scale changes in bathymetry and there is a com-

plicated interaction. A lightweight concrete aggregate with specific

85

_ _iI

r ... .. . . l , . . .... .... .•. .. . .. .. .. .. ... ,. .. .. .. .... .... : .2 ; ~ < ...... . .. . .. ... . ..



gravity of 1.65 was used in their movable-bed studies, and it was found

that the maximum scour depth varied from 0.6 to 1.0 times the initial

wave height for different wave characteristics. The scouring depths

were found to be greatest at X/Xb = 38 percent where X. is the dis-

tance from the shoreline to the point where the wave breaks.

150. On the basis of laboratory experimental studies, Song and

Schiller (1973) developed a semilogarithmic regression model that pre-

dicts relative scour depth S/H as a function of relative seawall
0

distance X/Xb and deepwater standing wave steepness H L and is
s 5

given as

S/H = 1.94 + 0.57 ln(X/Xb) + 0.72 ln(Hs/L s) (74)
0

This expression is displayed in Figure 27, where it can be observed that

for larger values of deepwater standing wave steepness, the relative

scour depth is dependent upon the seawall position; but for small values

1 1.0 i

X 0.g " it
4) 0

0.8 i (n i

0.7-

0.6

4,

0.5
S/H = 1.94 + 0.57 ln(x/xb) + 0.72 ln(H s/L S)

p I p I

0.00 0.02 0.04 0.06 0.08 0.10

Deepwater Standing Wave Steepness, H s/Ls

Figure 27. Variation of relative scour depth with relative seawall

distance and deepwater standing wave steepness. Semilogarithmic
multiple regression analysis, correlation coefficient (r2 ) = 0.84

(after Song and Schiller 1973)
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of deepwater standing wave steepness, the relative scour depth is nearly

independent of seawall location.

Scour Around Pipelines

151. Oil and gas from offshore production platforms are often

transported by pipeline lying on or imbedded in the sea floor. Another

widespread application of pipelines in the coastal zone involves the

disposal of municipal and industrial waste in deep water of both lakes

and oceans. The size, number, and application of these offshore pipe-

lines are steadily increasing, and at the same time the incidence of

reported pipeline failures is also increasing. One basic reason for

many of the failures is inadequate cover over the pipe, which may in-

dicate that the depth of burial was insufficient, the type of burial

material may have been inferior to the bed material, or the compaction

of the cover material may have been inadequate. Other failures have

occurred because the pipeline actually floated up to the surface as the

cover material liquefied, or because the pipeline sank deeper into the

liquefaction. Localized scour problems can occur when water seeping

through a leaking joint washes the surrounding material away and a small

hole is created under the pipe. Underflow caused by crosscurrents may

then enlarge this hole laterally until the pipeline loses its support

and collapses. Also, currents along the pipe will be disturbed by the

joints, and the vortices thus created may erode the bed in the neigh-

borhood of the joints.

152. From studies of unidirectional flow over pipelines lying on

the bed, exposed, and placed perpendicular to the flow, certain funda-

mental characteristics of the flow can be ascertained. The approach

flow can be considered to have a vertical velocity variation correspond-

ing to the boundary over a rough plate. The effect of the pressure

field induced by the presence of the pipe is to decrease the approach

flow velocities near the bed. At some point, the adverse pressure gca-

dient becomes strong enough to cause separation of the approach flow.

The location of this point of separation varies with inherent velocity
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and pressure fluctuations. Downstream from the pipe, the flow reat-

taches to the boundary at some point which also fluctuates abo't some

average position.

153. A characteristic flow feature is the development of three

vortices: (a) under the upstream separation surface, (b) downstream but

near the pipe, and (c) farther downstream under the surface of separa-

tion. The distance from the pipe to the upstream line of separation is

approximately equal to the height of the pipe crest over the general bed

surface. The distance from the pipe to the downstream reattachment line

is approximately six times the height of the pipe crest. The upstream

vortex is supposed to be nearly circular, according to Hjorth (1975),

while the downstream primary vortex has a length-to-width ratio of about

five. Experiments by this researcher indicated that the mean pressure

drop over the pipe is about 1/2 p U for an uncovered pipe resting on

the bottom, and about 2/5 p U2  for a pipe halfway buried into the bed.

154. In addition to experiencing the aforementioned effects, an

offshore pipeline must have sufficient horizontal and vertical stability

against all imposed forces. The gravitational forces include the weight

of the pipe and of the materials being transported inside the pipe. The

environmental forces are quite complex and variable and include those

due to storm or hurricane waves, vortex shedding, seismic loads, and

foundation strength. Since forces due to waves may be considerable,

particularly in shallow water, one solution is to place the pipeline in

an excavated trench and cover with suitable material up to the originalIbeach profile. The depth of the required cover depends on many vari-

ables, including the wave climate, the sediment size, and the liquefac-

tion potential. When passing through the surf zone, the buried pipeline

should be below the storm or winter profile. In the North Sea, migrat-

ing sand dunes with heights of 7 ft have been observed; hence, the depth

of burial is not an insignificant matter. The drag forces induced by

waves on buried pipelines are not large compared with partially or com-

pletely exposed pipes. Figure 28 indicates schematically the coeffi-

cient of drag CD on pipes of various exposure.

155. An extensive laboratory study has been conducted by
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Figure 28. Effects of partial covering on drag
coefficients on underwater pipelines
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Herbich (1976) to evaluate the development of underwater bars and scour

patterns with the model pipeline buried at various depths below the

ocean bottom. The objective of the study was to determine, through

physical modeling, the effect of storm waves on buried pipelines ap-

proaching the shoreline. Scour depth and scour patterns were evaluated

in a two-dimensional wave tank. Three-dimensional effects were also

studied in a larger wave basin. Preliminary results indicate that local

scour may be quite significant when waves approach at an angle to the

pipe. The notation used by Herbich (1976) in this study is shown in

Figure 29.

156. The experimental studies of Herbich (1976) were conducted

to assess the required depth of burial for a pipeline through the surf

zone. Two-dimensional beach profiles were allowed to come to equilib-

rium in a 2-ft-wide tank, with initial slopes of 1:10, 1:20, and 1:30.

Deepwater wavelength was stable throughout a given test and was quite

suitable as the independent variable in the regression analysis. The

composite ratio of the water depths at the nearshore trough h to thet

water depths over the offshore bar hc is presented in Figure 30 for

the three different beach slopes used in this study. The effect of

deepwater wavelength L on maximum depth of scour at the nearshore
0

trough T is shown in Figure 31.max

NEARSHORE
OFFSHORE ZONE ZONE FORESHORE ZONE

WAVE DIRECTION

Cia

h l l t INITIAL PROFILE

OFFSHORE BAR ,.,,

Tx NE4RSHORE TROUGH

FINAL PROFILE

Figure 29. Notation used by Herbich (1976)
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Figure 30. Effect of beach slope on equilibrium water
depth over offshore bar and at nearshore trough (after
Herbich 1976. By permission of American Society of

Civil Engineers)
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Figure 31. Variation of maximum depth of water over nearshore
trough with deepwater wavelength (after Herbich 1976. By per-

mission of American Society of Civil Engineers)
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157. Qualitative agreement between this laboratory study and

natural beaches was demonstrated by comparison with field profiles of

Sabine Pass, Texas. A horizontal scale ratio of I to 25 and a vertical

scale ratio of 1 to 8 were found to approximate the field data quite

well. This produced a physical model scale-distortion factor of ap-

proximately 3 to 1.
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PART VI: COMBINED CURRENT AND WAVE MOTION

158. When surface gravity waves propagate from a region of other-

wise still water into a region of streaming water, certain changes occur

in their characteristics. It is an easily observed fact that waves

which are traveling in the same direction as a current experience an

increase in length and celerity and a decrease in height. Waves that

propagate in a direction opposed to a current increase in height and

decrease in length and celerity until a limiting steepness occurs which

depends both on the initial wave characteristics and the strength of

the opposing current. At this point the waves break and a large portion

of the wave energy is dissipated in the turbulence associated with the

breaking.

159. An understanding of the phenomenon connected with the inter-

action of currents and waves is important for several reasons. Near-

shore currents affect the characteristics of shallow-water waves when

the waves approach shore; thus, their capacity to cause damage as their

energy is expended on coastal structures is altered. In considering

beach stability and the potential for scour by waves around coastal

structures, a design engineer should have knowledge of the ultimate wave

conditions to be expected. At tidal entrances to estuaries, the current

will alternately oppose and flow with the waves as the waves propagate

toward and through the inlets, and this directly affects wave steepness.

160. Coastal inlets in a natural state are subjected to opposing

forces that alternately try to close or enlarge the inlet. Since it is

desirable that the inlet location and geometry remain fixed, decisions

are frequently made that corrective engineering works be undertaken to

I ensure the stability of a tidal inlet on an erodible coast. To prevent

the lateral movement of a coastal inlet, jetties are often constructed

that extend seaward from the shore and become essential to the operation

of a dependable inlet for navigation purposes. When both a jetty system

and maintenance dredging of a navigation channel through the tidal inlet

are required, the characteristics of the surface gravity waves being

propagated toward the inlet can be significantly altered by the tidal
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currents passing through the inlet (either ebb or flood).

161. The pattern of the buildup of the nonuniform tidal current

on the flood stage from the region of low velocity offshore to its maxi-

mum value at the inlet throat is distinctly different from the decay of

the ebb current as it is discharged into the ocean. The ebb flow ema-

nates from the inlet as a jet and can create a strong current at a point

some considerable distance offshore. For the flood situation, the driv-

ing force is the ocean tide which is uniform at all points in the near

vicinity of the inlet. Therefore, fluid particles are traveling toward

the inlet from a lateral as well as a longitudinal direction. This

implies that those particles traveling around the tip of the jetties

from a lateral direction are passing perpendicular to the orbital motion

produced by the wave form. This particular phenomenon has not been in-

vestigated analytically although the potential exists for severe scour

holes to develop near the seaward end of jetties.

Effect of Tidal Currents on Wave Characteristics

162. From a historical standpoint, the classic analysis of the

effect of tidal currents upon surface gravity waves was presented by

Unna (1942). He showed that the reduction in length when waves meet

an adverse current entails reduction in their celerity and the speed

of their energy propagation through the water. Unna assumed that the

period of the waves with reference to a fixed point in space is con-

stant, and developed an expression for the wave celerity as:

1 2Ird +11± 1r
-tanh- .J coth L- (75)C 2 L C

where

C1 = celerity of the wave in the presence of a current of
intensity U

C = celerity of the wave in the absence of any current velocity

When U = -1/4 C in deep water, the group celerity, Cg , is zero,

and the waves must break however small their initial steepness. Unna
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assumed without justification that the wave energy is propagated at its

group celerity plus the velocity of the current, and that no interaction

between the current and the wave motion occurs. On the contrary, it was

shown later by Longuet-Higgins and Stewart (1960) and Lundgren (1962)

working independently that the current does additional work on the waves

at a rate equal to the product of the rate-of-strain of the current,

fU/ex , and a so-called "wave thrust" or "radiation stress," S , de-
fined as:

Sx E g (76)

1 pga (77)

E is the energy density of the wave of amplitude a

163. The concept of "wave thrust" was developed by Lundgren

(1962) as a result of the application of the equation of momentum to a

control volume containing waves and currents. The idea of Lundgren

offered immediate and straightforward explanations of various important

phenomena such as wave-induced currents and surf beats, the mechanisms

of which had not previously been properly understood. He developed an

expression for a coupling term between waves and currents which is

analogous to the Reynolds stress. The concept was termed "radiation

stress" by Longuet-Higgins and Stewart (1964).

164. Changes in the form of short gravity waves on long waves

and currents were studied theoretically by Longuet-Higgins and Stewart

(1960). In order to interpret physically the conclusions of their work,

consider from a general point of view the transfer of energy by surface

waves on a steady uniform current. In a nonviscous fluid, the rate of

transfer of energy across a vertical plane x = constant, per unit dis-

tance in the y-direction is:

*R P + . ( + Pgz u dz (78)
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where the overbar indicates a temporal average.

U' = U + u (79)

where

R x - rate of energy transfer in x-directionx

d - fluid depth below mean water

= distance from the mean waterline to the free surface

p = pressure intensity at a point in the fluid

p = density of the fluid

u= combined velocity due to the wave motion and stream velocity

g - gravitational constant

z - vertical direction

U = (U,0,0) denotes the mean stream velocity

When the integration and the averaging are carried out, it is easily
2

shown that to order a the mean rate of energy transfer across the

plane x = constant is:

3 EU2 1 3
R =ECC + I pdU (80)

where S is defined by Equation 76.x

165. The first term on the right side of Equation 80,

E(C + U) , represents simply the transfer of wave energy by the group

velocity plus the stream velocity. Since the motion is irrotational,

there is, owing to the mass-transport velocity, a net momentum E/C in

the direction of wave propagation; and the last two terms together rep-

resent the mean stream velocity modified by the presence of the mass

transport. The intermediate term, S xU , represents a significant

coupling between the waves and the current, and is analogous to the

Reynolds stresses of turbulent flow theory. Thus, Sx  is an additional

I stress, due to the wave motion, per unit length across a plane normal to

the direction of wave propagation. It is composed of the integrated

Reynolds stress plus the stress due to the relation between surface ele-

vation and pressure, reduced by the effect of the presence of the waves

on the average pressure in the body of the fluid.
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166. Longuet-Higgins and Stewart (1960) considered a system of

waves superposed on a current that varies gradually in the direction of

wave propagation, and in which the variation in surface current is made

up by a vertical upwelling or downwelling. The modifications that the

currents produce in the wave form were calculated by a perturbation

method. It was found that while the variation in the wave number, k

is given by the expected formula:

ak
1 o 1 aU
k ax C + 2U ax (81)

0

the variation in the wave amplitude, on the other hand, is given by:

1 aa 2C + 3U aU (82)
a ax (C + 2U)2 ax

which is a higher rate of change than if there were no interaction be-

tween the wave and the currents. It was shown that the last result is

consistent with the assumption that the equation governing the growth

of wave energy, E , is:

a aU*x E(Cg +U)+ SD - 0 (83)

X 9 x ax

In addition to the transport of energy by the group velocity and stream
aU

velocity, the current does work on the waves at a rate S - per unit
x ax

distance.

167. In a second example, Longuet-Higgins and Stewart (1960) con-

sider a situation in which the increase in surface current is made up by

a horizontal inflow from the sides. The results are strikingly differ-

ent. Although the variation in wave number is the same as the first

example, the variation in amplitude is now given by:

I aa C + U au
a ax (C + 2U)2 ax

168. Theoretical results of a general study were presented by

Jonsson (1970) in which the interaction between a steady current and
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surface gravity waves was investigated. Assuming irrotational flow

and a second order Stokes wave motion, the study presented a graphical

method for the computation of the wavelength in a current field. The

concept of the mean energy level for a periodic wave motion and the

calculation procedure for the "current-wave setdown" were developed.

169. These studies were generalized by Huang et al. (1972) to

include nonuniform currents and a random gravity wave field. The

Kitaigorodskii-Pierson-Moskowitz frequency spectrum was used as the

basic spectral form for zero current condition. Modified spectral func-

tions in both wave number and frequency spaces under the influence of

the current were found by using energy conservation and kinematic wave

conservation laws. As a result of the current-wave interaction, the

magnitude and the location of the energy peak in the spectrum were al-

tered. Since the phase speed of gravity waves is a monotonically de-

creasing function of wave number and frequency, the influence of the

current was predominant at the higher wave number range.

170. Dalrymple (1974) theoretically investigated water waves

propagating on a bilinear shear current flowing in the direction of the

waves. The theory was developed first for small amplitude waves and

then extended to any arbitrary order by a numerical perturbation tech-

nique for symmetric waves. Due to the lack of laboratory or field data

for the empirical verification of either form of the bilinear shear cur-

rent theory, analytic validity was used to verify the theories for vari-

ous wave conditions.

171. An experimental study was conducted by van Hoften and Karaki

(1976) to study wave amplitude attenuation along a laboratory wave chan-

nel and to compare the wave dissipation with and without flow. The

waves were found to be altered by a combination of the interaction of

the shear gradient, the normal turbulence, and the wave orbital veloc-

*ities. The effect was to extract energy from the waves resulting in an

increased wave attenuation. The flow itself was altered by the super-

posed waves. The induced orbital wave velocities distorted the mean

velocity profile increasing the gradient near the bed. Turbulence

energy was produced near the surface and diffused downward where it
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was dissipated on the bottom by an increase in apparent boundary shear

stress.

172. Results of an experimental study of wind waves generated

on currents in a wind-wave channel were presented by Kato and Tsuruya

(1978). The water current had the effect of changing the substantial

(effective) fetch length, with an adverse current increasing the effec-

tive fetch and a favorable current decreasing it. The concept of the

equivalent fetch length was developed. By using the equivalent fetch

instead of the actual fetch, it was shown that the significant wave

height measured under various current conditions can be represented by

nondimensional fetch relations.

Sediment Transport by Waves and Currents

173. The transport of noncohesive sediments under the simultane-

ous action of waves and currents takes place along natural beaches and

elsewhere when waves become superposed upon currents. The currents may

be wave-induced, wind-driven, tidal, stream, or river or may originate

from some other lesser known cause.

Longshore movement

174. Because of refraction, waves usually break at a fairly small

angle to a beach. The mass of water piling up in the surf zone gener-

ates a wave-induced current that flows along the beach and is known as

the longshore or littoral current. This longshore current, though rela-

tively mild, is capable of transporting vast quantities of sediments

that are tossed into suspension by the turbulence associated with wave-

breaking. In addition, the water mass produced by the breaking process

1 rushes up the beach face at a slight angle, and then down the beach face

in such a manner that there is a zigzag path to the particles of water

on the beach. Sand particles traverse the same sort of pattern along

the beach face (Johnson and Eagleson 1966). Hence, the total longshore

drift of sand consists of the general drift due to the longshore current

in the breaker zone and the zigzag path on the foreshore due to wave

uprush and backwash (or runup and rundown).
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175. Longshore currents flow parallel to shore, accumulating in

volume as more mass is introduced by additional breaking waves, until

regions of return flow through the breaker zone are encountered (either

rip currents or underflow return currents). The existence of these cur-

rents is necessary, otherwise the longshore current would become infi-

nitely large. Longshore currents typically have mean values on the

order of 1 fps, and observed speeds of 3 fps are quite unusual. Al-

though low in magnitude, longshore currents are quite significant in

beach processes because they flow along the shore for extended periods

of time. The longshore current velocity appears to be quite sensitive

to breaker angle ab (which the wave crests make with the shoreline)

and somewhat sensitive to breaker height Hb . An estimation of the

magnitude of a longshore current may be obtained from the modified

Longuet-Higgins (1970) expression

Vls= 20.7 m (g Hb)i/2 sin 2ab  (85)

where

V i= velocity of the longshore current

m = beach slope

176. Longshore current and longshore sediment models have been

developed by Ostendorf and Madsen (1979) and have been calibrated

against both laboratory and prototype field data. The longshore cur-

rent model can be considered as a modification of the original model of

Longuet-Higgins (1970), while the longshore sediment model is a surf

zone application of previous work by Madsen and Grant (1976) on non-

breaking wave-induced sediment transport. Calibration yielded physi-

cally plausible behavior for the model parameters. Laboratory (fixed

bed and movable bed) and field tests show an accuracy of about 20 per-

cent for the longshore current model. While the longshore sediment

.e model fit the laboratory data to an accuracy of about 20 percent, it

overpredicted the field data by a factor of 5. In view of these find-

ings, the longshore sediment transport model of Ostendorf and Madsen

(1979) should only be considered as an order of magnitude estimator of

longshore sediment transport.
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177. Most investigators have attempted a correlation between wave

characteristics and measured longshore transport rate. Intuitively, the

rate at which a transport process takes place should be related to the

total power available for transporting material. Accordingly, the pro-

cedure that has evolved is to determine the alongshore component of wave

approximated under the assumptions of conservation of energy in shoaling

waves and application of Airy wave theory. Based on these assumptions,

the energy flux at the breaker zone is

P1  [(p g)/16](H C sin 2ab (86)

P isis the alongshore component of wave energy flux per unit length of

beach and C is the group velocity, or the velocity of propagation of

wave energy (i.e., Cg = C , the wave celerity in shallow water). If

the energy density at breaking can be approximated by linear theory,

E = 8 2, (87)

and if the wave speed at breaking can be approximated by solitary theory,

C =C~ (2 gHb)l1/2  (88)

Equation 86 can now be expressed in terms of the wave breaking charac-

teristics of breaker height H 1b and breaker angle a bas

P is = 32.1 H~ 2 sin 2a (89)

following the development of CERC (1975).

178. A number of empirical equations have been advanced since the

early 1950's that relate the longshore component of wave energy flux,

Equation 89, with measured values of volumetric longshore transport.
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The CERC expression, based entirely on 23 field observations and no

w ow""laboratory data, is

Q = 7,500 P1I (90)

where Q sis longshore transport in cubic yards per year. The coeffi-

cient, 7,500 in Equation 90, is about 83 percent larger than the corre-

sponding coefficient which appeared in an earlier edition, because the

earlier correlation was based on fewer field observations and on a tre-

* mendous number of laboratory observations. It was determined that the

small-scale laboratory data completely overwhelmed the small number of

field observations; hence, it was deemed desirable to eliminate labora-

tory results and supplement the existing field data with more recent

prototype observations. Equation 90 is displayed graphically in Fig-

ure 32, which shows the field data giving rise to the expression.

Evaluation of long-

shore transport formulas
179. The total longshore sediment transport can be estimated with

the CERG formula at locations with fairly uniform bathymetry. The ap-

plication of other formulas is not widespread because they lack direct

verification from either prototype or model conditions. Van de Graaff

and van Overeem (1979) compared the results of other sediment transport

formulas with the results of the CERC formula. This comparison was

simply a substitute for a comparison with actual prototype data. Resio -

(1978) developed a technique explicitly formulated to use two-

dimensional spectra for calculations of longshore drift rates. This

work suggests that the spectral process of wave breaking as waves prop-

A agate into shallow water and the energy losses due to bottom friction

' can play an important role in reducing and redistributing drift rates

during a storm.

180. Many of the sediment transport formulas used in coastal

engineering work were developed from formulas derived in river sedimen-

tation computations, especially those of European descent. These for-

mulas can only be applied when the wave effect is properly included.
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i ~ 181. Bijker formula (1971). Starting from the Kalinske.-Frijlink [

• formula which predicts the transport near the bottom, Bijker suggested

a formula for the bed load in the coastal environment as:,
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d gl/2 -027Ad50pg (91)bd 50 Cg exp {Ti +. ( )2]J
where

d = particle diameter (50 percent by weight exceeded in size)

v = mean current velocity

C = Chezy coefficient

g = acceleration due to gravity

A = relative apparent density of the bed material defined by

A = (Ps - p)/p (92)

where

Ps = mass density of bed material

p = mass density of water

X = ripple factor

= (C/C90 )1.5 (93)

where

= Chezy coefficient based on the d90  particle diameter
90 (10 percent by weight exceeded in size)

= Bijker's parameter

C = C(fw/2g)1
/ 2  (94)

where
fw = Jonsson's wave friction factor

T = bottom shear stress due to current

u = maximum orbital velocity at the bed

This bed load is assumed to take place in a layer with thickness equal

to the bed roughness.

182. The suspended load was formulated by Bijker (1971) based on

Einstein's concept as
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q SUB 1.83 qbed III ln(33h/r) + 12] (95)

where

qsus = suspended load

h = local water depth

r = bed roughness

11012 = Einstein's integrals

(z*-l) z
=0.216(r/h) r dy (96)

(I - r/h)

(z*-l) Z*

12 = in y dy (97)

(i - r/h)

z, = vf/kv wc (98)

where vf is the sediment particle fall velocity and k is von Karman's

coefficient.

' [i + I/2(CUo/V)2 I 2

vw c = V*c [+1/2 (99)

where v~c is the shear stress velocity due to the current. Ultimately,

Q q (100)

Q~i = bed + sus(i0

183. Engelund-Hansen formula (1967). The initial starting point

for this development is the contention that grains are eroded from the

." upstream side of dunes and deposited on the downstream side. Conse-

quently, along a finite section the total sediment load is elevated a

height comparable to the dune height. This process can be described

roughly by means of a simple energy expression where the gain in poten-

tial energy is equal to the work done by the drag forces on the moving

particles in the same time interval. Furthermore, the average migration
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velocity of the particles was assumed to be proportional to the friction

velocity. When developed for a coastal environment, and using the pres-

ently defined symbols, the Engelund-Hansen formula can be expressed as:

2

0"05vC 2 1 + -

QEH = 2 g5 /2 A2 d(01)
P d50

184. Ackers-White formula (1973). Ackers and White assumed a

substantial difference in the mode of transport of coarse and fine

grains, as they stated that the fine sediments travel largely in sus-

pension and that the rate of transport depends on the total shear on

the bed. The expression is:

CD

QAI -lp v3 (~~ gr(F-A)m  (102)
iQAW = v(1 - p) d 35 Am

where

v = mean current velocity

p = porosity of sediment material

d35 = particle diameter (65 percent by weight exceeded in size)

n = I - 0.2432 In (D gr) (103)

Dgr = d3 5 (g A/v2)1
/ 3  (104)

where v is the kinematic viscosity of water

CD = exp(2.86 in D - 0.4343 in Dgr)2 
- 8.128 (105)

Dr gr r, .' gr

= 1/2
0.23/D I /2 + 0.14 (106)*1 gr
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m 9.66/D gr+ 1.34 (107)

c ff n2 (d 1/2(18
CD g A 35)

185. SWANBY formula. Swart (1976) and the Delft Hydraulics Lab-

oratory assumed that the increasing effect of waves on sediment trans-

port rate as computed with the Ackers-White formula could be handled by

replacing v* c with v *w , where

V~c= v,, [1 + 1/2 (E uoiv)2] 12(110)

This approach has been termed the SWANBY method, and the ultimate result

is:

2 n

-~ 

2)

QSW (I V (11 35 11:::Q ; 1
4 m

,u 2 ]{ 1/2 ( 0)2j1/
+1/ 2)[ +12 _Vl 2 / 1/2

C D v1+ 1/2 CO U Cn

m g n/2 1/2D A
AC Dg (Ad 35)
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C 12CDlf/2 (112)

Dk (fw

and the other symbols have been previously defined.

186. Longshore transport computations were performed by

van de Graaff and van Overeem (1979) for various values of the param-

eters of breaker wave height, period, angle, and of the associated

parameters of bed material size, roughness, and beach slope. The CERC

formula is sensitive to only the first three parameters which define the

wave characteristics. The results of these computations are plotted

versus the ratio of transport with sediment transport formula to trans-

port with CERC formula. Figure 33 displays the effect of bed material

and bed roughness on this ratio, Figure 34 shows the effect of

AW tga. 1.100.1 20 ))100

7 SWANBtg a 1 100.120)) 10

S -. ... - - ,,,
CERC ___ 100

s - 'I,.e% --
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Figure 33. Effect of bed material and bed roughness on sediment

transport (after van de Graaff and van Overeem 1979)
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Figure 34. Effect of wave height -
on sediment transport (after E 77van de Graaff and van Overeem i _

1979)

M.', (I lOi 1Om 30m

T .7. SS 75 as

wave-height variation on the ratio, and Figure 35 provides an indication

of the effect of breaker angle on the transport ratio.

187. Due to the lack of prototype transport measurements in the

vertical direction, a direct verification of the various proposed sedi-

ment transport formulas is impossible. Hence, the comparison method of

van de Graaff and van Overeem (1979) was developed in which relative

comparisons were made by varying different parameters. It was deter-

mined that the Bijker formula comes closer, in general, to the results

of the computations with the CERC formula than the other compared for-

mulas and is far better than the SWANBY formula. Furthermore, the

Bijker formula is rather insensitive to effects of particle diameter,

bottom slope, and bed roughness. A possible fairly large error in the

estimation of the actual conditions results in only a slight error in

the computed sediment transport for the conditions compared in the in-

vestigations of van de Graaff and van Overeem (1979).

188. Resio procedure. The purpose of the investigation by Resio

(1978) was to examine how results from a numerical wave hindcast study

could be incorporated into predictions of longshore transport rates.
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distribution of energy becomes broader, the longshore drift rate will

decrease. The width of the angular distribution of wave energy plays a

critical role in determining the longshore drift rate for mean wave ap-

proach angles up to about 50 deg.

Distribution across the surf zone

189. The longshore current and littoral process in the surf zone

has been investigated by Thornton (1970) to determine the velocity dis-

tribution across the surf, and later by Thornton (1972) to evaluate the

distribution of sediment. By applying energy principles, it was deter-

mined that a different expression was necessary for both current and

sediment inside and outside the breaker zone. The mean sediment trans-

port of sand outside the breaker zone, per unit time per unit width, in

the longshore direction is

q B (V /U )/(u T 1/[ - gP)/P5] (113)
lSO _SO max max max [-

where qlSO = unit longshore transport outside the breaker zone, max

can be evaluated from Equation 43, B is a coefficient of proportion-

ality which is not well defined at this time, and V1  is longshore

velocity outside the surf zone which can be evaluated from the

expression

Vs = [(i L)/(p g fw H)] [cosh (2my)/T][a/ax(E C /C sin 2a)] (114)

Inside the breaker zone, the mean sediment transport of sand per unit

time per unit width in the longshore direction is

q B (Vi/U l/2 [ ax(E Cg)] [g (g p) /ps] (115)
; qSi =  s (Vsi/max)9

where

V (0.60)(0.78 7t/fw) Cb sin a cos ab y/Db y/ax (116)

Here the subscript b represents breaking conditions and fw is

Jonsson's wave friction factor. A different proportionality constant
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B Sis necessary inside the breaker zone from that outside the

breakers B.

190. Field experiments were conducted by Thornton (1972) in order

to evaluate the constants of proportionalities B and B sby sampling

locations across the surf zone. The experiments were conducted inter-

mittently over a five-year period, and the method of measuring the vari-

ous parameters changed, evolving to a relatively sophisticated level.

The B and B svalues were determined from a best-fit between theory

and experiment and varied for each individual experiment. Inman and

Bowen (1963) have attempted to quantify these coefficients by performing

flume experiments on sand transport by waves and currents but were not

entirely successful. Hence, Equations 113 through 116 should be used

* only as a qualitative predictive relation for the distribution of sedi-

ment across the surf zone. Results of a typical experiment at one pro-

totype location are presented in Figure 36.

191. The purpose of the wave and superposed current experimentsI of Inman and Bowen (1963) was to simulate conditions prevailing along
natural beaches. It has been shown that in two-dimensional wave motion

(flume studies) the wave-induced drift velocity is downwave near the

surface and bed but upwave in the center. However, real beach studies

have revealed that the drift velocity is onshore at all depths, with the

system being kept in equilibrium by the rip currents spaced along the

beach. The current velocities superposed were of the same order of

magnitude as the wave-induced drift velocities. It was found that the

water moving over a ripple crest during the forward semiorbit generated

* a vortex in the lee of the ripple. As the water decelerated, the system

became unstable and the vortex, no longer restrained, dispersed rapidly.

It was lifted up over the ripple by the combination of its own vorticity

and the initial acceleration of the backward semiorbit. This process
removed sediment from above the downwave face of the ripple and dis-

persed it as a cloudy suspension moving upwave. During the second half

of the orbit, a vortex was generated upwave from the ripple and then

* dispersed, its sediment content being thrown into suspension downwave

from the ripple. Material was thus placed in suspension with some
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Figure 36. Distribution of longshore sediment transport
across the surf zone (after Thornton 1972. By permis-

sion of American Society of Civil Engineers)

initial velocity at two distinct periods during an orbit. If the motion

were otherwise symmetrical, the drift velocity would be the factor de-

termining the direction and magnitude of the sediment transport.

192. The effect of the superposition of a small current on the

wave field was to further reduce the symmetry of the system by increas-

ing the effective orbital velocity downwave and decreasing it upwave.

This resulted in a flattening of the upwave face of the ripple and the

steepening of the downwave face. The vortex generated on the downwave

face then became by far the stronger, and hence, much of the material
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placed in suspension had an upwave initial velocity. The general effect

was to substantially increase the rate of sediment transport in a down-

wave direction.

193. Because of the great difficulty in obtaining the required

information in the breaker and swash zone, only minimal consideration

has been given to the distribution of the longshore sand transport

across the surf zone, except for Thornton (1972), Komar (1975), and

Sawaragi and Deguchi (1978). Some sand tracer experiments have given

an indication of the distribution, but not a quantitative measure.

Komar (1975) treated the distribution from a theoretical standpoint and

calibrated his analytical model in such a way that it agrees with the

available data. When summed across the width of the surf and breaker

zones, the sand transport distribution yields the correct total sand

transport according to field measurements. These longshore current

velocity and sand transport rate distributions are shown in Figure 37.

194. Sawaragi and Deguchi (1978) developed a specialized piece

of equipment to separately record the distributions of longshore and

onshore-offshore sediment transport rates in the surf zone. The
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Figure 37. Distribution of longshore current velocity and
sand transport rate across the surf zone (after Komar 1975.

By permission of American Society of Civil Engineers)
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distributions of each component of the sediment transport rate along a

line normal to the shore across the surf zone were measured by using

this apparatus in the field as well as in a laboratory model. The dis-

tribution of the longshore sediment transport rate as bed load showed a

steep profile compared with the distribution of the longshore current,

and the maximum longshore sediment transport occurred at the point be-

tween the breaking location of the incident waves and the location where

the velocity of the longshore current showed the maximum value, also

shown qualitatively in Figure 37 of Komar (1975). The maximum onshore-

offshore sediment transport took place at about the same place as the

longshore sediment transport maximum. However, the distribution of the

onshore-offshore sediment transport rate showed more complicated pro-

files than that of the longshore sediment transport rate; the direction

of the onshore-offshore sediment transport at any location changes with

wave characteristics and beach slope from offshore direction to onshore

direction. The locations where the maximum longshore and onshore-

offshore sediment transport take place are mainly controlled by the

sediment size relative to the wave height. Results of laboratory ex-

perimental tests are shown in Figure 38, which displays the longshore

sediment transport distribution in part (a) and the onshore-offshore

components in part (b). Figure 39, for two different ratios of

. u1.0 - s~.8_ 1.0-iIS ds,. J o-0.68-- 2X,,.oL
0. Ho/so.o/Lo q.m sHO/L
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Figure 38. Distribution of longshore and onshore-offshore sediment
transport across the surf zone (after Sawaragi and Deguchi 1978.

By permission of American Society of Civil Engineers)
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H, Ho /do 50 shows the distributions of longshore current velocities and

, wave heights across the surf zone.

195. A model for sand transport along beaches under the influence

of wave action was developed by Walton and Chiu (1979) based on the surf

zone radiation stress work of Longuet-Higgins (1970). The excess momen-

tum flux of the water waves was used as the driving force to generate

the water current, and an energetics approach was then applied to
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develop the sand transport created by the water currents. The bed load

and suspended load were considered separately in this model which is an

outgrowth of the energetics approach to riverine sand transport adhered

to by Bagnold (1966).. The expression for littoral sand transport is

linear (in breaking wave angle) for suspended-sediment transport, and -

nonlinear (in breaking wave angle) for bed-load transport. The model

was comrared by Walton and Chiu (1979) with existing laboratory data and

was found to fit within a constant. The model predicted reasonable

values for total load transport; however, since the Instrumentation
f used in the data collection did not perfectly differentiate the bed-

load portion from the suspended-load portion, the individual bed-load

and suspended-load sand transport could not be verified independently.

.1
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PART VII: SCOUR BY COMBINED CURRENT AND WAVE ACTION

196. Scour and erosion that occur around most open-ocean structures

are results of a combination of current and wave action, to a greater or

lesser degree. On a straight section of coastline protected by groins or

breakwaters, scour generally results from particles being tossed into

suspension by wave action and then being transported from the region by

wave-induced currents; hence, these phenomena are all-inclusively consid-

ered to be the result of scour by wave action. On the other hand, in

regions where strong currents (other than wave-induced) exist and where

large expanses of open water allow the generation of surface gravity

waves, scour effects that result are considered to be caused by a combi-

nation current and wave interaction. Dominant examples of this situation

are jetties stabilizing a river mouth on the coast, or jetties protecting

a navigation channel through a tidal inlet into an estuary. In either

case, strong currents (riverflow or tidal) exist that act as a scouring

mechanism in themselves, in addition to being a transporting vehicle for

removing material placed into suspension by wave effects.

197. Objectives considered in the design of a jetty system at a

tidal inlet include, among others, the minimization of: (a) undesirable

wave action on navigation, (b) artificial channel maintenance dredging,

and (c) adverse effects on shoreline modifications caused by the inter-

ception of littoral sediment movement. Jetties assist in channel mainte-

nance by directing ebb tidal currents such that their natural scouring

potential is enhanced. Jetties also aid channel maintenance by inter-

cepting longshore sediment transport due to wave action; hence, many

jetties are impermeable, extending from the beach to an offshore depth

* where sediment movement is minimal.

* I

Masonboro Inlet, North Carolina

198. Masonboro Inlet, a natural inlet through the coastal barrier

beach of North Carolina, is located in the southern portion of the State,

8 miles northeast of Wilmington, North Carolina. It appears that the

inlet has been open continuously since 1733, although it has migrated
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extensively. Improvements for the inlet, authorized in 1949, included

two jetties, an ocean entrance channel between the jetties, and interior

navigation channels to the Atlantic Intracoastal Waterway. Due to fund-

ing constraints, it was proposed to construct the north jetty initially

since it was on the updrift side of the inlet (Sager and Seabergh 1977).

The improvement plan consisted of the north jetty with a low interior

weir, a deposition basin adjacent to the north jetty, and reestablishment

of the navigation channel. The jetty was constructed using concrete

sheet piles for the shoreward portion (the weir section) from +12 ft

beach elevation to the existing -5 ft mlw, a distance of about 1,700 ft,

and quarrystone from -5 ft miw to -12 ft miw, a distance of 1,700 ft.

It was anticipated that sand moving southward along the beach and over

the weir would be trapped in the deposition basin dredged between the

jetty and the northern limit of the navigation channel.

199. A year and a half after construction of the jetty the exist-

ing channel had migrated northward through the deposition basin and

against the north jetty. In addition, extensive material which had

apparently scoured from near the north jetty had been deposited on the

large shoal on the south side of the inlet (Figure 40). Hydraulic model

tests were performed at WES (Seabergh 1979) to investigate the effects

of closure of one of the channels that exit through Masonboro Inlet.

These tests indicated that one of the interior channels (Shinn Creek)

directs ebb flow oceanward perpendicular to the coast. The initial scour

that occurred along the outer portion of the north jetty soon after it

was constructed was the result of this strong ebb tidal current. The

continuing scour was aided by wave eftects that contributed to shifting

the entrance channel alongside the jetty.

200. An analysis of the hydraulic regime at Masonboro Inlet by

Kieslich and Mason (1975) had concluded that construction of a single

jetty resulted in migration of the seaward portion of the thalweg toward

the jetty; this would have happened regardless of the inlet-bay orienta-

tion or position of the jetty relative to direction of net longshore sed-

iment transport. Although this migration was probably strongly influ-

enced by predominance of the ebb tidal current, qualitative observations
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Figure 40. Masonboro Inlet, North Carolina, hydrographic
survey for 1969 showing channel location after scouring

adjacent to north jetty (after Seabergh 1979)

indicate that wave processes were also significant. Transport of litto-

ral material to the inlet along adjacent beaches and deposition on the

south shoal were results of combined tidal current and wave effects.

Galveston Bay and Harbor Entrance Channel, Texas

201. In the early 1960's, severe problems began to develop at the

entrance channel to the Galveston Bay and Harbor. The original layout

of the channel included a sharp turn located at approximately the inner

end of the jetty, and this caused difficulty for large ships and tankers

to negotiate at or near the strength of the tidal currents. The naviga-

tion channel had gradually migrated alongside the north jetty and the

4 . extremely deep water immediately adjacent to the jetty was causing con-

* cern that during a severe storm, a section of the jetty might slough

, *into the channel as scour due to combined tidal current and wave action

might completely undermine the structure.

202. Physical hydiaulic model tests were conducted at WES (Simmons

and Boland 1969) to develop plans for relocating and stabilizing the

navigation channel between the jetties on an alignment and at a depth
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suitable for the safe passage of supertankers, and to determine means

for protecting the north jetty from the undermining action of scour by

tidal currents and wave effects (Figure 41). A movable-bed model was

used to reproduce the critical area under study. An analysis of the

scaled-down forces available to move sediment in the model indicated that

the movable bed should be molded of crushed coal. This material was of

proper weight to permit movement and deposition in the model by the model

hydraulic forces in a manner similar to the movement of prototype bed

material by prototype hydraulic forces.

203. The objectives of the original model study were to determine

a means for protecting the north jetty from being undermined by tidal

currents and wave action effects. One of the plans tested in the model

was constructed in the prototype. An analysis of pertinent data by

Letter and McAnally (1977) 6 years after construction of the plan indi-

cates that the model: (a) correctly predicted that the channel realign-

ment and dredged-material disposal would halt undermining of the north

jetty by tidal current scour; (b) correctly predicted a seaward shift in

the channel shoaling volume distribution but overpredicted the magnitude

of the shift--this overprediction was due to the erroneous scour predic-

tion for the inner bar channel; and (c) correctly predicted that mainte-

nance dredging volUmes for the approach channel would increase. It was

concluded that the model satisfied most qualitative objectives but failed

to precisely meet some quantitative objectives.

*Destin East Pass, Florida

204. Significant problems occurred during construction of the

* weir jetty system at Destin East Pass, Florida. While part of the prob-

lem can be attributed to construction problems, a major portion of the

causes of the failure of the structure can be directly related to scour

and erosion by combined tidal currents and wave action (Figure 42).

The weir design specifications required the erection of concrete sheet

piles driven 8 ft into the foundation and stabilized by massive timber*1 wales that were bolted together. Construction problems began to occur

when it appeared some of the connecting bolts were not threaded enough
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Murrells Inlet. South Carolina

205. Until 1978, Murrells Inlet, South Carolina, was an unimproved

inlet about 19 miles northeast of the city of Georgetown. Physical model

tests were performed by WES (Perry, Seabergh, and Lane 1978) to aid in

determining the optimum solution to navigation problems at Murrells

Inlet. The final plan included a north weir jetty, a south jetty, and a

sand dike at +10 ft miw elevation parallel to the south shore to provide

the landward end of the rubble-mound south jetty which would be construc-

ted across the existing ebb current outflow channel and onto the shoal

area. Murrells Inlet north jetty was completed in early 1979 and in-

cluded a foundation blanket of filter material for bearing strength and

erosion control. Scour was minimal to nonexistent during construction

of the north jetty.

206. Construction of the south jetty was initiated upon completion

of the north jetty in February 1979. Since the south jetty was planned

to be constructed across the offshore shoal region, it was necessary to

excavate some areas in order to reach the design grade for the structure

foundation. It was anticipated (desired) that as construction of the

south jetty proceeded from the south shoreline across the ebb channel,

beneficial scour would result from combined strong ebb tidal current and

potentially significant wave climate. It was expected that as closure of

the channel proceeded, the reduced cross-sectional area for flow would

experience an increased current velocity sufficient to initiate sediment'1 movement and assist in necessary excavation of the shoal, estimated about
2 ft of material, to reach the design grade of the south jetty.

207. Scouring action that resulted from partial closure of the

ebb channel was more severe and intense than anticipated, and the channel

bottom scoured to approximately 5 ft below the design grade for the

structure. More importantly, the ebb current was so intense that the

foundation bedding material, which was being placed in the channel, would

not remain long enough for the stabilizing core stone to be placed.

Emergency operation procedures were initiated when it became apparent

that ordinary construction techniques would not be sufficient to permit
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further placement of structure material. It was necessary to divert

the dredging operation from the navigation channel to provide fill

material by pumping sand along and in front of the new jetty section.

This was successful to the extent that the contractor was able to stay

ahead of the stone placement and the jetty construction could continue.

Tillamook Bay, Oregon

208. A severe case of scour during construction occurred while

building the south jetty at Tillamook Bay entrance channel, Oregon. This

configuration is quite similar to that at Murrells Inlet, South Carolina,

in that the south jetty would extend from the shore across a flood chan-

nel and onto a large shoal region. It had been anticipated that 3 to 5

ft of scour would result from strong ebb tidal currents and severe wave

climate known to exist in the area. As jetty construction progressed

across the channel, scour and erosion began to undermine the end of the

structure; the channel proceeded to migrate at the same rate as the new

jetty construction. The result was that a 40-ft-deep scour hole (unac-

counted for in cost estimates) had to be filled. During the first year

of construction, substantial overruns of stone quantities were experi-

enced, reflected by the fact that approximately 5,000 ft of structure had

been expected to be built and less than 3,000 ft was actually constructed.

209. During the second construction year of the Tillamook Bay

south jetty, the technique of "accelerated core placement" was developed.

To minimize scour of the ocean bottom ahead of the jetty, rapid place-

ment of core stone was essential. The contractor was required to work

all daylight hours, seven days per week, except as prevented by weather

or sea conditions. Core stone placement was accomplished only when pre-

dicted tides for the 10-day period following were not expected to exceed

a 9-ft differential between lower low water and higher high water. It

was intended to place stone during a period when scouring tidal current

velocities ahead of core construction were lowest and most favorable for

the work. This accelerated placement technique reduced the depth of the

scour hole by about 50 percent, from a 40-ft-deep hole during the first

construction year to about 20 ft for subsequent construction periods.
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PART VIII: SCOUR CONTROL TECHNIQUES

210. Rubble-mound coastal structures (breakwaters, groins, jet-

ties, and seawalls) and the riprap used around ocean outfall pipelines

and oil production structures constitute the most common types of marine

construction presently in use. Rubble-mound structures have good wave

energy dissipation characteristics which reduce wave runup and, thus,

bottom scour and erosion. These structures are also relatively easy to

construct and/or maintain and are relatively economical (compared with

use of caissons or concrete armor units) since quarries are abundant.

Unfortunately, many rubble-mound structures have failed because of scour

and erosion both during and after construction. Many times scour during

and after construction was not a design consideration. The interaction

between waves, storm surges, currents, and the structures is extremely

complex and not well understood. Most emphasis in structure design is

placed on the size and weight of armor unit necessary for stability

against wave attack or on foundation conditions for withstanding the

bearing capacity of the huge structure. Inadequate foundation protection

has been a contributing factor to partial or complete failure of many

existing structures and has sometimes resulted in substantial cost

overruns where scour during construction required the purchase and place-

ment of additional material not included in the initial cost estimate.

211. Scour and erosion problems that occur around the toe of

major structures are basically of two different types: (a) local scour

due to sediment movement caused by intense current patterns generated by

the existence of the structure itself and (b) general bed movement

caused by wave effects or by longshore, tidal, or other currents of a

regional nature. Several different erosion control techniques have been

tested over the past few years and can be grouped into six fundamentally

* *1 different categories:

a. Graded stone filters

b. Hot mastic asphalt

c. Synthetic fabrics

d. Filled plastic containers
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e. Soil-cement

f. Prefabricated units

Not all of these categories of erosion control techniques are suitable

for all situations, and some are much more adaptable to the local

environment than others. Hence, the design engineer has only a limited

degree of freedom in selecting and evaluating the optimum scour control

technique for a particular location.

Graded Stone Filters

212. Graded stone foundation blankets are considered essential in

the design and construction of rubble-mound structures, not only for

an erosion control technique but also to provide a bearing surface on

which to place the stone and/or artificial armor units that comprise the

structure. Partial or a complete failure of some of these structures

(rubble-mound seawalls and revetments) can be expected if a filter system

is not provided or if the stone gradation specifications are improper.

Some failures have been attributed to internal erosion where materials

are removed by percolating water. As the tide rises or wave runup

occurs, water fills the voids of the pervious section, and this water

must be permitted to escape or hydrostatic pressure will cause slumping

(instability) of the face of the structure (armor) or embankment.

213. Carver (1980) conducted hydraulic model tests at WES to

determine the stability response of stone-armored breakwaters for a

selected range of first underlayer weights. More specifically, it was

desired to quantify, as a function of first underlayer weight, varia-

tions in the stability coefficient, wave runup, and wave rundown. Runup

, data are useful in selecting a crown elevation that will prevent exces-

sive wave overtopping, and rundown data are useful in selecting the
minimum depth below the still-water level to which the armor units

should extend to prevent failure of the cover layer. Based on these

test results in which stone armor was used on breakwater trunks and

subjected to nonbreaking waves with a direction of approach of 90 deg, it

was concluded that: (a) variations in first-underlayer stone weights
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from 1/5 to 1/20 of the armor weight do not have a significant effect on

armor stability, (b) armor stability will not be significantly influenced

by relative depth (d/L) or wave steepness (H/L) over the range of condi-

tions tested (0.10 < d/L < 0.25 and 0.026 < H/L < 0.079), and (c) wave

runup and rundown are not significantly affected by variations in

first-underlayer stone weights in these ranges.

to 214. A properly designed graded filter must possess the following

toproperties: (a) it must be many times more pervious than the base

on which it sits in order to effectively drain the structure which it

suport (areverse filter), and (b) it must be of such gradation that

the base material will not migrate through the voids. Laboratory tests

have been conducted by WES (Mansur and Olsen 1948) to develop the proper

design for a filter system for Enid and Grenada Reservoirs. Results of

these tests indicated that the gradation curve of the filter should be

more or less parallel to the gradation curve of the base or materialIbeing drained for adequate stability. In general, the ratio d 15  of
the filter to d 15of the base should be less than 20, and the ratio

d 50of the filter to d 50of the base should be less than 25 (d 15
d 50 ' etc., represent the grain size on a mechanical analysis curve

corresponding to the percentage of particles by weight having diameters

smaller than the percentage indicated by the subscript). The filter

should be well graded from its maximum to its minimum size, with no

large excess or lack of intermediate sizes, since this would increaseI the tendency toward segregation.
215. The gradation of the filter material depends on the charac-

teristics of the backfill or bed materials and on the voids of rubble

stones. The filter should be uniformly graded from fine sands, coarse

sands, gravel, small stone, and large stone and can be placed in more

than one protective layer. Seelye (1956) and more recent WES (1953)

and Sherman (1978) studies recommend that

d filter
15
d base
85
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d1 5 filter
base <20

d15 base

d5 0 filter

d base
50

d85 filter

d >2
stone voids

The thickness of the filter blanket should be adequate for a complete

coverage of all subgrade and backfill material. The foundation bedding

material specified for many jetties and breakwaters consists of quarry-

run spoils varying in gradation up to 12 in. This permits a keying

action to develop as the smaller stones fill voids between larger stones,

and the use of up to 80 percent of the quarry spoils frequently allows

for a lower unit cost.

216. An important element of the erosion process, especially

where it concerns wave action over a cohesionless bed, is the underflow

induced in the bed by the variation of water pressure on it. Posey and

Sybert (1961) have studied the scour that developed around Gulf of

Mexico oil production platforms, and later Posey (1969) performed model

tests of movable-bed materials to duplicate these prototype patterns.

The production platforms were located in the Chevron Field of the

Standard Oil Company of Texas at distances of up to 4 km from Padre

Island. In this area the bottom material is a mixture of fine sand and

silt, with small shell sometimes present. The depths of water at

the platform sites varied up to 14 m; and although the area is subject

to tropical hurricanes, none had visited the region between the time

the platforms were completed and the scour protection measures were

initiated. However, during winter storms the waves had reached up

to 8 m in height, and this was sufficient to cause large motion of

bottom material. Records of scour at these structures were kept and

are summarized as follows:
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No. of Months
No. of Months Scour Protection Max Scour

Structure Structure in Place in Place Depth, m

No. A, Mar 1954, 30 2.7
2 km offshore 41 2.9

48 3.6
57 3.3
63 3.3
70 3.0
74 3.6

82 3.2

No. B, Sep 1954, 24 2.3
2.5 km offshore 42 4.3

51 3.6
57 5 0.0

63 11 0.0
74 22 0.0

No. D, Oct 1956, 17 3.0

2.6 km offshore 26 3.3
132 3.0

38 3.3
43 3.2
50 0 2.9
51 1 0.0

The scour patterns observed did not consist of steep-sided conical holes

around each pile, but were deep smooth-bottom saucers much larger than

the entire structure and representing a large volume of remoed founda-

tion material. The appearance was as if the local scouring around each

pile had overlapped until the cluster of piles had become one large

obstruction.

217. Physical model tests were conducted at the Rocky Mountain1* Hydraulic Laboratory at a scale of 1:50 using fine sand as bed material

and a uniform velocity of 0.3 m/sec in an effort to duplicate the scour

patterns that had developed around these production platforms. The

first erosion pattern did not resemble that observed in the prototype,

as no general bed lowering in the vicinity of the model occurred. In

an effort to duplicate the scour patterns, a number of distortions were

attempted. Posey (1969) reports that it was necessary to abandon the

sand bed and resort to movable beds composed of gilsonite (sp gr 1.06),

in conjunction with mild currents and wave with heights of 0.2 m
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and lengths up to 4 m. The saucer-like depressions were very similar

in proportion to the prototype scour, and the mechanism observed seemed

to be a possible one for action in the prototype. However, difficul-

ties of working with gilsonite prevented testing details of the protec-

tive mat design.

218. To combat this erosion problem around the production plat-

forms, it was decided to install a graded filter based on the criteria

established by WES (Mansur and Olsen 1948). Layers of heavy pervious

material were placed over the bed material, each layer having a grain

size distribution so related to the layer below it that flow of water

would not be able to move any of the fine material up into the coarser

material above it. Steel mill slag was found to be the most economical,

satisfactory material available, and it was used as the foundation mat

around Structure No. B. Notwithstanding some inadequacies in the grada-

tion of the material that was actually placed (Figure 43), the mat

appears to be successful in preventing additional scour (Posey 1971).

Hot Mastic Asphalt

219. The need for quick and economical methods for making dike

revetments in the Netherlands led to the widespread use of bituminous

materials on and above the waterline. The idea then evolved that these

same bituminous materials might be used for replacing or reinforcing

the existing fascine and crushed stone foundation mattresses that wereI used to protect the shifting sandy bottom from current scour. In this
region, large areas of the sandy bottom in the channels and closureI gaps must be protected against scour by tidal currents and small wave
action. The objective was to develop a quick and economical procedure

by means of which a seamless slab of bituminous material of uniform

thickness could be laid directly on the sand, or to evenly grout the

rubble stone lying on the bottom so that less stone would be required

and which could, moreover, be of a smaller size. The most attractive

method should be a process by which the liquid material is conveyed toI the bottom through pipes, because the material could flow to the required
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location under its own gravity from an asphalt mixer that might be in-I

stalled on a ship. It has been shown that bituminous material can be
made to flow out underwater at depths up to 400 m through unheated,

uninsulated vertical pipes of only 15 cm in diameter without a high

pumping pressure being necessary (Kerkhoven 1963). By fitting a

specially designed piece of equipment to the outlet end of the pipe,

the asphalt can be distributed evenly, with the speed of the work

depending on the capacity of the asphalt mixer. It was found that

200 tons/hr could be placed which is equivalent to an asphalt mat 10 cm.
2

thick covering an area of approximately 1,000 m /hr, where the specific

gravity of the mastic asphalt is about 2.

220. The bottom on which the protective layers were spread con-

sisted of sand or rubble and was quite uneven with slopes occasionally

existing of more than 1:10. Since it was not possible to drag the exit

section over the rubble and stones, provisions were made to keep the

mouthpiece at a fixed distance above the bottom. The depth of water

in which mastic asphalt had been spread varied from 2 to 30 m; and

because of tidal effects and slopes of the bottom, the depth continually

changed during an operation. Current velocities of about 2 in/sec were

encountered, on the average, although the finished surface experienced

much higher currents as gap closure became smaller. The operations

were carried out in water temperatures of around 10*C, wind forces of

about 6 or 7, and a wave height of around 0.5 m. Schematics of the

placement are shown in Figure 44.

221. The hot mastic asphalt is required to have certain material

properties if the placement is to be effective. The material will need

to be viscous in order to flow through the apparatus. The proper

viscosity can be prepared by adding the proper quantities of asphaltic

bitumen to a mixture of sand and filler. To avoid steam formation

underwater, the temperature of the mixture should not be higher than

about 100 to 130*C. Thus, the viscosity of the mixture should not ex-

ceed 10 4 poises in order to flow well, and should not be lower than
3

about 10 poises to prevent intrusion of seawater.

222. In 1960, the Netherlands Delta Service commissioned theI
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grout ing with mastic asphalt in a closure gap of the Zandkreek Dam.

The closure was to consist of caissons placed on a layer of rubble of

about 30 cm diameter, which was in turn imbedded in a layer of coarse

gravel. The grout was intended to be placed at the rate of 300 kg/in

so as to eaisure that scour and erosion by the strong tidal currents

would not occur. After each day's operation, the work was inspected

by divers who reported they could clearly see that the mastic asphalt

penetrated between the stones, producing a compact and smooth layer of

asphalt from which the stones protruded in many places. This was pre-*1 cisely the condition the Delta Service considered most suitable, with
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the caissons coming to rest on the stone while the stones were yet firmly

embedded and the bottom of the caissons were thus well sealed. The

operation was regardEd as a complete success. The divers also reported

they could see the mix flow well and evenly from all openings of the

placement apparatus, with about 2 min being required for the mix to

penetrate between all the stones.

Synthetic Fabrics

223. Synthetic or man-made filter fabrics have in recent years

come into wide use in solving a variety of civil engineering problems,

especially those concerned with coastal structures and drainage problems.

The fabrics are generally made from nylon, polyester, polypropylene,

polyamide, polyethylene, or combinations of these. They are formed by

weaving via traditional textile manufacturing methods or by bonding into

a nonwoven form. There are at the present time approximately 25 differ-

ent fabric types with some having as many as 11 different styles to

choose from, according to Welsh and Koerner (1979). Various types of

these filter fabrics have been found quite effective in increasing the

stability of shore protection structures such as rubble revetments,

seawalls, jetties, groins, and breakwaters.

224. Laboratory experiments were conducted by Lee (1972) to test

the stability and sensitivity of rubble-mound breakwaters designed with

graded and/or plastic filter systems. Particular attent;itu was given

to the characteristics of scour at the toe and under the foundation of

the structure. Many hydraulic model studies on breakwater stability

have neglected the effect of a movable bed on stability, including the

problem of scour under the foundation. It was found that to prevent

scouring under the structure it was necessary to extend a layer of core

materials beyond the armor stone toe and then place two layers of

secondary stones over this core layer with proper gradation. Alterna-

tively, a plastic filter fabric may be placed under the breakwater and

extend beyond the toe with secondary stones over it.

225. Compared with synthetic fabrics, the merits of the graded
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stone filter system are that it is most likely available and has been

widely accepted in practice. Its effectiveness is not susceptible to

biodeterioration. On the other band, the graded filter blanket is dif-

ficult to construct to specifications underwater, as the void ratio of

the armor stone is necessary for the proper design of the filter and

is not always easy to obtain. In general, the plastic filter fabrics

have independent tensile strength and the screening process associated

with graded stone filters is eliminated in construction. Consistency

in design is obtainable and can usually be applied at any geographic

location. However, the initial cost of the plastic filter fabrics may

be higher than the graded stone; and the effectiveness over long-term

operations may be reduced due to biodegradable characteristics.

226. Experience indicates it is necessary to offer plastic filter

fabric of various permeabilities and tensile strengths to meet individ-

ual project requirements. Just as no one graded stone filter can suf-

fice for every soil condition, neither is one type of filter fabric the

answer to all filter problems. Depending upon local foundation condi-

tions and void ratio of cover layers, the particle retention and

permeability requirements of the fabric may vary from one location to

another in the same structure. Where thickness is required, this ele-

ment must be realized by the addition of a layer of gravel or crushed

stone. Important considerations include type of structure, weight and

type of armoring, method of construction, and forces the structure is

designed to withstand. These variables determine the necessary abrasion

resistance, tensile strength, and puncture strengths of the selected

fabric. Barrett (1966) cited various types of membrane filters which

had proven to be unsatisfactory. As a follow-up, Calhoun (1972) de-

veloped design criteria and acceptance specifications for plastic fil-

ter cloths to be used on U. S. Army Corps of Engineers projects. How-

ever, as pointed out by Dunham and Barrett (1974), since that time many

new synthetics have been introduced on the market, and the acceptance

specifications cover only a small portion of the fabrics available.

227. More recently, Keown and Dardeau (in preparation) have in-

vestigated the use of filter fabric for streambank protection, and
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reevaluated filter fabric design considerations. They determined that

two factors must be carefully weighed during selection and placement of

a specific filter fabric for a given project application. These factors

are: (a) filtration--the fabric must act as a filter, since the flow

path through the fabric must be fine enough to prevent continuous in-

filtration of bed particles, yet large enough to allow water to pass

freely, and (b) chemical and physical properties--the fabric's composi-

tion must be such that it will resist deterioration from chemicals found

in the environment, and it must be strong enough to prevent tearing or

puncturing during placement.

228. The equivalent opening size (EOS) of a fabric and the gradi-

ent ratio (GR) of the fabric-soil filtration system determine the

filtration characteristics of a given fabric. For a given field appli-

cation, the EOS must be known for the various fabrics available. The

correct fabric can then be selected to ensure that fabric and bed mate-

rial are properly matched to provide an effective foundation blanket.IOCE (1975) guidelines to be used in selecting the correct filter fabric

are:

For fabric to be placed adjacent to granular materials
containing 50% or less fines (those soils that will
pass a U. S. Standard Sieve No. 200) by weight, the
following ratio must be satisfied:

d bed material (mm)
85 >1

EOS of filter cloth (mm) i

For fabric to be placed adjacent to all other type
S soils: EOS no larger than the openings in the U. S.

Standard Sieve No. 70. Filter fabric should not be
placed on soils where 85% or more of the soil
materials are fines.

To reduce the chance of clogging, no fabric should be specified with an

EOS smaller than the openings of a No. 100 sieve. When possible, it is

preferable to specify a fabric with openings as large as allowed by the

criteria.
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229. The GR of a given fabric-soil filtration system is the

ratio of the hydraulic gradient over the 1 in. of soil immediately next

to the fabric (if), to the hydraulic gradient over the 2 in. of mate-

rial between I and 3 in. from the fabric (ig).

GR = i f/i (117)

If the fine particles in the soil adjacent to the fabric get trapped in

or on the fabric (clogging), the GR will increase. Likewise, if the

fine soil particles move through the filter fabric (piping), the GR will

decrease. As a general rule, the GR should not exceed 3.

230. Current Corps of Engineers specifications required that the

plastic yarn used to manufacture filter fabric should consist of a long-

chain synthetic polymer composed of at least 85 percent by weight of

propylene, ethylene, ester, amide, or vinylidene-chloride, and shall

contain stabilizers and/or inhibitors added to the base plastic (if

necessary) to make the filaments resistant to deterioration due to

ultraviolet and heat exposure. No guidelines are provided for non-

plastic materials.

231. Synthetic filter fabric used on Corps of Engineers projects

must conform to the physical strength requirements provided in Table 1.

In addition, the fabric should be fixed so-that yarn filaments will

retain their relative position with respect to each other, and the edges

i of the fabric should be finished to prevent the outer yarn filament from

pulling away from the fabric. In general, woven fabrics are considerably

stronger in uniaxial tension than nonwoven fabrics, with the general

ranking, in order of decreasing strength being: (a) heavy to inter-

mediate weight woven fabrics, (b) intermediate to lightweight woven and

heavy to intermediate weight nonwoven fabrics, and (c) lightweight
nonwoven fabrics. Woven fabrics generally fail from localized strand

breaking in tension or diagonal tearing suggestive of shear failure.

Nonwoven fabrics fail primarily from diagonal tearing, excessive elonga-

tion, or strength drop without outward signs of fabric rupture or

tearing.
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232. Placement of any filter system underwater as required beneath

jetties and breakwaters has always been a difficult problem. Some de-

signers try to compensate for wave and tidal action by overdesign of the

filter system, but even this offers no assurance that the filter bedding

is actually placed properly. If properly placed, the use of synthetic

filter fabrics eliminates much of the uncertainty regarding the condi-

tion of the filter when the heavier stones are placed upon it. Differ-

ent placement methods have been applied at various locations, including

the unrolling of large rolls and fixing the fabric to the bottom by

stone anchors. Other methods include fastening the fabric to prefabri-

cated steel frames and then placing the assembled frames permanently on

the seabed beneath the proposed jetty or breakwater. Several manu-

facturers have developed techniques for deploying filter fabric, such as

that of Figure 45 by Carthage Mills. Plastic filter fabric has been

used at depths of up to 150 ft in the North Sea; hence, this is a

versatile material which is adaptable to many adverse situations.

Filled Fabric Containers

233. Sand-filled or grout-filled fabric bags of various sizes

have been used effectively for low-cost shoreline protection and scour

control around coastal structures in many areas of the country. The

bags, woven with nylon and coated with polyvinyl-chloride or acrylic

to prevent fiber degradation by ultraviolet rays, are fabricated by

several manufacturers. The bags are usually filled in place with avail-

able beach sand or pumped full of a grout mixture of cement and sand.

The bags have been used to protect the toe of bulkheads, jetties, and

Agroins. Depending upon wave climate, tidal range, and littoral drift
characteristics, sand- or grout-filled bags have been used to fabricate

entire groin sections. Shoreline revetments have been constructed by

stacking layers of filled bags over an initial layer of filter fabric to

prevent loss of supporting soil under wave attack at the toe of the

structure. The first cost of any coastal defense system is usually high,

and the cost-effectiveness of the filled bags depends largely on the
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price of more traditional revetments. Experience has shown that unless

the bags are filled with grout which hardens chemically, holes will be

created by floating debris, pedestrian traffic, or vandalism. When

placed in front of existing structures such as bulkheads or seawalls, it

has been found expedient to make the placement after the winter waves

have lowered the beach profile. Subsequent seasonal accretion will

partially or completely cover the bags (Gutman 1979).

234. Different manufacturing companies have developed various

types of units for a wide range of environmental conditions and market
these products under several brand names. The Fabricast System of

Intrusion-Prepakt Corporation was developed in response to a need for a

reliable and less-costly coastal protection measure and utilizes large

bags of high-strength synthetic fabric as forms for casting concrete

blocks in place underwater. These blocks interlock inherently and may

be rigidly connected by reinforcing steel bars or flexibly connected

by means of steel inserts and cable connectors. The bags are filled

with transit-mixed concrete delivered to the site and pumped into the

bags through flexible hose lines which may be several hundred feet in

length. An example of a Fabricast groin is shown in Figure 46 which

was estimated to have been built at less than half the cost of rubble

mound.

235. The Longard tube (manufacturered in Denmark and distributed

Figure 46. Concrete-filled

plastic fiber bags compris-
ying units of groin system
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by the Edward Gillen Company of Milwaukee, Wisconsin) is a polyvinyl-

coated outer shell of woven material. The tube is lined with polyvinyl

sheeting for maintaining sand filler. The Longard tube is essentially

an envelope of material which is given structural stability by filling
the tube with pumped sand which provides weight and strength to the

structure. The sand is pumped as a slurry into the tube, with a trap

of filter cloth at the opposite end retaining the sand and allowing the

water to drain out.

236. Longard tubes are used essentially to prevent beach erosion,

and have been applied with success around the world. In the United

States, these tubes have been installed at Grand Isle, Louisiana, which

was the site of an emergency sand dune and beach replenishment project

following Hurricane Carmen in 1974. This project, discussed by DeMent

(1977), utilized two design concepts. The first consisted of a low-

sill mound of sand covered by plastic filter cloth 18 ft wide and

anchored by two 10-in. Longard tubes sewn to the outer edges of the

plastic filter cloth. The top of the sand mound was built to approxi-

mately 1.0 ft msl.

237. The second design concept specified the building of a groin

field by using six 40-in. Longard tubes 300 ft long and spaced 400 ft

apart. In conjunction with this groin field a 40-in. tube 2,000 ft

long running parallel to the beach was installed 50 ft from the landward

edge of the groins. The 2,000-ft-long segment was the main element of

the protection designed to retain the hydraulically placed sand fill.

The top elevation of the Longard tube was built to 3.0 ft msl, with the

design calling for placing the tubes initially on the existing beach

profiles and then filling behind the tubes with sand to achieve the

desired cross section. The completed project appears to be working

well. Other field applications of a similar nature have been documented

by Armstrong and Kureth (1979).

Soil-Cement

238. During the past 30 years a useful technique has been
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developed by designers of embankments for slope stability and scour pro- I
tection purposes, although the technique is not applicable to placement

underwater. Soil-cement can be broadly defined as a mixture of natural

soils, portland cement, and water. In its moist-compacted state, it

forms a strong, durable, and economical material with properties similar

to concrete and natural rock. American Society for Testing Materials

standard tests in conjunction with other criteria are used to determine

for a specific location the cement content and moisture content neces-
sary to produce the strength, durability, and other characteristics

that may be desired. A typical mixture contains about 10 percent cement

and 10 percent water by weight of dry soil, but actual cement contents

have ranged from less than 7 percent to more than 14 percent by weight.

239. While soil-cement is essentially impervious, some cracking

is inevitable; therefore, the facing cannot be considered to be totally

watertight and the toe should be stabilized with rock riprap or other

elements to prevent underscour from eroding behind the stabilized beach

slope. Also, leakage may sometimes take place through the bonding sur-

faces between layers, and the possibility exists that water may get

behind the facing. The weight and strength of the facing are considered

to be sufficient to resist any uplift pressures that may develop, partic-

ularly since outward drainage through cracks will exist. The revetment

slope should be designed so that its least permeable zone is immediately

adjacent to the soil-cement facing. Field applications of soil-cement

have been discussed by Wilder and Dinchak (1979), and deficiencies in

the present practice are evaluated. Proper control of the layer width

and thickness is essential for adequate mixing of the cement. Material

should be spread uniformly over the slope to be stabilized, with the

mixture thickness varying from 6 to 9 in. A lack of uniformity often

exists in distributing the cement spatially in the field. The soil

fraction of the soil-cement is frequently beach sand and gravel which

contains too many gravel particles larger than 1 in. and too much non-

mineral debris, all of which adversely affect the density and overall

quality of the soil-cement.
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Prefabricated Units

240. In recent years, the concept of utilizing prefabricated units

instead of graded stone filter blankets under jetties and breakwaters

has been improved and applied in several locations. Also, preformed

concrete units have been applied for slope stability and other scour

and erosion control problems, particularly at the base of coastal struc-

tures to prevent scour of the toe and foundation.

Gabion units

241. Gabions are relative newcomers to American construction but

have been installed in their present form in Europe since the late 1800's

when the metal gabion was developed. This form (Figure 47) provides the

necessary structural strength, and galvanizing adds durability with

economy, thus broadening the field applicability. Gabions are compart-

mented rectangular containers made of galvanized steel hexagonal wire

mesh and filled with stones. Compartments are formed of equal capacity

by wire netting diaphragms or partitions. These partition walls add

strength to the container and help retain its shape during the filling

Figure 47. Oabion unit prior to filling with stone (after Terra
Aqua Conservation, Bekaert Corporation 1977)
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operation. They also provide assurance that the fill will remain

evenly distributed, even after extensive settlement.

242. Gabion units are normally filled with hand-size stones,

usually dumped into it mechanically. The filled gabion then becomes

a large, flexible, and permeable building block from which a broad range

of structures can be built. This is done by setting and wiring individ-

ual units together in courses and filling them in place, or by filling

and then placing individual units. The wire mesh used in gabions is

heavily galvanized. It may be safely used in fresh water and in areas

where the pH (acidity indicator) of liquid in contact with it is not

greater than 11. For highly corrosive conditions, a polyvinyl-chloride

coating must be used over the galvanizing. Such treatment is an economi-

cal solution to deterioration of the wire in the ocean, in some indus-

trial areas, and in polluted streams.

243. A favorable feature of the gabion unit is its flexibility.

The triple-twist hexagonal mesh construction of the basket permits it

to tolerate differential settlement without fracture. This property is

especially important when the structure is placed on unstable ground in

areas where scour from waves or currents can undermine it. The pervious

nature of the gabion allows it to dissipate portions of the energy to

which it is exposed. Gabion units have been known to remain effective

long after the structure which they were protecting has passed its use-

ful life. The flexible gabion apron designed for shore protection and

other coastal structures is planned to settle without fracture and

adhere to the ground as scour may occur. The foundation need not be

completely level; however, if large holes are in existence before the

initial construction begins, these should be filled with quarry-run

material (frequently used to fabricate the foundation bedding material

, blanket under major coastal structures).

244. Gabion units have been used extensively to build up and

widen beaches, due to their flexibility and ability to absorb wave

action. They usually extend perpendicularly, or nearly so, from beyond

low water to the shoreline. Their purpose is to trap or retard littoral

drift and modify offshore currents. To be effective, the gabion groin
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system should be used in a group rather than an isolated unit or groin.

The system should be gradually built up, as complex factors are involved

and conditions may vary widely along a section of beach. Gabions are

well suited to the construction of the groin system as the individual

building blocks forming the structure can be added or removed easily.

Also, the permeability of the gabion groin permits a more uniform buildup

of the beach than do impermeable groins.

245. The sea-type gabions recommended for seawall installations

have the same triple-twist galvanized steel wire hexagonal mesh used

under jetties and breakwaters, but they are given the additional protec-

tion of a coating of polyvinyl chloride to increase corrosion resistance.

Successive levels of gabions in seawalls are usually set back 12 in. or

more from the course below to give the wall an appreciable batter and

to break up wave action and reduce spray. A flexible gabion apron

should be used to protect the toe of the seawall, with the top of the

apron flush with the existing shoreline. The rough exterior and the

I interstices in the stone-filled unit tend to retain the sand, and the

pervious nature allows water which may splash over to drain through,

thus eliminating some of the causes of seawall collapse. The installed

gabion units become an immediate platform from which additional reaches

of the wall may be fabricated, eliminating the necessarily long wait

for curing necessary in concrete construction.

Gobimat units

246. The Gobimat system of slope protection for coastal applica-

tions consists of pretested, custom-designed concrete control blocks

bonded to a hydraulic plastic filter cloth which can be very simply

hoisted by a small crane and laid like a blanket on any slope where scour

and erosion is a problem. This often eliminates the costly bulkhead

and riprap method with the net result being a concrete revetment that

will be completely covered with natural or planted grass above the

waterline and affording scour control measures at the toe of the slope.

Typical dimensions are shown in Figure 48.

247. Gobimat was developed in the Netherlands and Louisiana to

combat the many severe erosion problems native to delta country. The
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Figure 48. Typical configuration of Gobi units

system has been extensively tested at Delft Hydraulics Laboratory (1973a,

1973b), and is now being widely used throughout that nation. More

recent tests have been conducted at CERC by McCartney and Ahrens (1975).

Gobimat units are typically fabricated in sections 4 ft wide and up

to 18 ft in length, with a 1-ft fabric overlap all around; hence, the

sections may be joined lengthwise or widthwise. The filter fabric is

made from a combination of polyethylene and polyester monofilament yarn

which under normal conditions are chemically inert. The filter fabric

is protected from the sunby the blocks so degradation by ultraviolet

rays is rare. The concrete blocks are glued to the filter fabric with

a two-component chemically inert polyurethane.

248. As a typical example of the application, erosion protection

had long been needed at Holly Beach, Louisiana, and in 1970 the Louisi-

ana State Highway Department constructed a 3-mile revetment project at

this location to stabilize a section of Louisiana Highway 82 which lies

directly adjacent to the beach. The importance of this coastal highway

which connects Louisiana and Texas is related to the fact that it serves

as a hurricane evacuation route. This highway had been seriously damaged
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in the 1950's and 1960's by winter storms passing directly over the

area, with wind setup from the Gulf of Mexico overtopping the highway

which is approximately 7 ft above mean sea level. Major storms in this

region are capable of generating significant waves at the coastline of

3 to 4 ft in height with maximum waves approaching 6 ft. Wave periods

are estimated to be from 5 to 8 sec, according to DeMent (1977). This

section of the State Highway is only 50 ft from the gulf.

249. A 200-ft portion of the revetment project was constructed of

Gobi Blocks for test purposes. This prototype test section was divided

into two 100-ft-long reaches. Both sections consisted of hand-placed

blocks and differed only in the type of filter cloth used in the under-

layment. The Gobi Blocks are approximately 4 in. by 8 in. by 8 in.,

weigh 13-1/2 lb each, and have an open area of 35 percent. For a design

wave of 3.6 ft and placed on a 1:3 slope, the 13-lb Gobi Block provides

a stability coefficient exceeding 50, which is greater than other known

methods of erosion protection. This corresponds to a W 50  size of

riprap stone which varies from 150 to 360 lb.

250. The prototype test section was put through a very severe

test only two weeks after completion when a winter storm inundated the

highway and caused extensive damage along parts of the road. Prior to

placement of the blocks, the filter cloth had been anchored by excavat-

ing a trench to the -3 ft mean low gulf elevation, which is approximately

2 ft below mean sea level. The bottom row of Gobi Blocks had been set

against a 3- by 12-in, timber header. Currents running parallel to the

shore eroded sand at the toe but did not displace any of the blocks.

The experience at Holly Beach clearly proved that a filter cloth used

in coniirction with Gobi Blocks in a structure subject to wave attack

* can have a high retention of the local soil while having a high ratio

of open area in relation to the bank material area; i.e., the percent

open area should exceed the porosity of the bank material to relieve

hydrostatic pressure. A secondary filter of coarse beach sand and shell

fragments- was placed under the filter cloth which prevented the very

fine sand from leaching out, but there was no clogging of the filter

cloth at this installation. Success in this initial effort led to
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successive installations, along with pertinent fundamental research

on the subject by McCartney and Ahrens (1975).
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PART IX: NUMERICAL TECHNIQUES FOR PREDICTING

MOVABLE-BED EVOLUTION

251. When major structures are erected in the coastal zone, the

normal current patterns may be altered to such an extent that changes

are induced in sediment transport patterns. The existing equilibrium

can be disturbed, resulting in large changes in bathymetry (i.e. scour)

in the vicinity of the structures. In order to predict the extent of

bathymetric changes induced by structures, the fluid-sediment-structure

interaction must be understood. This involves the computation of cur-

rent patterns and magnitudes around structures in the presence of a

diffracting and refracting wave field. The theories and analytical

studies that have been developed to this time are in many cases unable

to provide comprehensive solutions to large-scale problems; they do,

however, form the basic foundation upon which more sophisticated numer-

ical procedures will be constructed. These numerical techniques are

capable of cycling the physical phenomena to obtain the temporal as

well as spatial solution.

252. A major objective of this investigation is to develop tech-

niques for predicting the probable magnitude of scour that may result

as a function of wave climate, tidal currents, or an interaction of

these two. Numerical techniques to be developed will incorporate both

refraction and diffraction effects near the structure, will compute

wave-induced and other velocities in the vicinity of the structure, and

will apply these results to estimate sediment transport characteristics

at the particular location. The flux of material around the structure

will be accounted for; consequently, an estimate can be made of the ex-

tent of erosion or accretion as a function of wave climate, tidal cur-

rents, or a combination of these phenomena.

253. Fully analytical models are quite restricted in application

because the set of equations that describe the behavior of water masses

has been solved analytically for very few cases and then only for very

simple geometry. The mathematical model will consist of the equations

of motion, together with the appropriate boundary conditions and
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empirical parameters, and will be solved by numerical techniques as this

is usually the most productive approach.

Numerical Modeling of Tides

254. The numerical modeling of water wave behavior, especially

long waves and tides, has progressed rapidly in the past few years and

is now recognized as a valuable tool for the solution of many coastal

engineering problems. The principal features of the water movement that

must be reproduced are the tidal current velocity patterns, the water-

surface elevations, and the dispersion of concentrates such as contamn-

inants, heat, or sediment throughout the region of interest.

255. Many different estuarine tidal circulation models have been

developed in recent years in response to the user needs. The range of

models indicates the wide variation of requirements and techniques.

The basic equations for all the models are the Reynolds equations of

motion, the conservation equation of mass, and the conservation equation

for each concentrate under consideration. The principal simplifications

usually made to the Navier-Stokes equations are: (a) to average out the

turbulence, (b) to use empirical resistance coefficients to represent

shear stresses, and (c) to average the equations over one or more spa-

tial dimensions.

256. As discussed by Hinwood and Wallis (1975a, 1975b), three

different temporal averaging periods have historically been used in

developing water quality or tidal flow models. When the hydrodynamic,

conservation of mass, and transport equations are derived by averaging

over a relatively short time period (long compared with the turbulence

time scale but short compared with the tidal period), the time period

* is taken to be an interval of a few minutes. If the temporal averaging

period is made equal to a tidal period, then tidally averaged equations

are obtained. With a very long averaging period (many tidal cycles),

the temporal variability of concentrates may not be significant, and

the equations obtained represent steady-state conditions.

257. To simplify the fully three-dimensional aspects of the
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fundamental equations of motion of a viscous fluid, averaging over one

or more spatial dimensions has been employed: (a) averaging over the

depth (the most frequently used method) leads to a two-dimensional model

in plan view; (b) averaging over the width leads to a two-dimensional

model in side elevation; (c) averaging over the cross-sectional area

leads to a true one-dimensional model; and (d) finally, averaging over

the volume of the bay or estuary leads to essentially a zero-dimensional

model. Hydrodynamic models are considered to be those in which the

velocity field is computed by solving the equations of motion; kinematic

models are those in which the velocity field is computed from the equa-

tion of mass conservation. On the other hand, transport models require

that the velocity field be supplied and the bulk movement and dispersion

of contaminants or sediments are then simulated.

258. In order to mathematically model and predict the dispersion

of sediments, it is essential to be able to predict accuratcly the time-

dependent currents of the region. Three-dimensional, time-dependent

models are required, and they can generally be classified as free-

surface or rigid-lid models (Sheng et al. 1978). The three-dimensional

time-dependent flow in the Western Basin of Lake Erie has been calcu-

lated numerically by Sheng et al. (1978) by means of both a rigid-lid

model and a two-mode free-surface model. For rigid-lid models it is

assumed that the vertical velocity at the undisturbed location of the

free surface is zero. This eliminates the motion and time scales asso-

ciated with the surface gravity waves and allows much larger numerical

time-steps than is possible for free-surface models. In the two-mode

free-surface model, the surface elevation is treated separately from the

internal three-dimensional flow variables (vertically integrated quan-

4 tities are calculated). Short time-steps are thus needed only for the

two-dimensional free-surface calculations and much longer time-steps

can be used for calculations of the three-dimensional structure.

259. Detailed comparisons of the results of the free-surface and

rigid-lid models were presented for two wind conditions by Sheng et al.

(1978): (a) a constant wind suddenly imposed, and (b) an actual wind

which is variable in both space and time. For relatively short time
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intervals, it was found that significant differences between the results

of the two models occur since the seiche motion of the lake is elimi-
nated in the rigid-lid model. Long-term time-averaged circulation com-

puted by the two models agrees well in periods of strong wind, but dif-

fers appreciably in periods of light wind and active seiching.

260. Sheng and Lick (1979) investigated the time-dependent flow

and dispersion of suspended sediments in the Western Basin of Lake Erie

by means of numerical models utilizing data from remote-sensing studies

and flume experiments. The time-dependent currents were computed by

means of a free-surface hydrodynamic model, and a wave-hindcasting model

was used to compute the wave parameters needed for estimation of shear

stress generated at the sediment-water interface under given wind con-

ditions. The rate of sediment resuspension as a function of bottom

shear stress and sediment properties was based on data from flume ex-

periments using lake sediments. Computations were also performed for a

two-dimensional lake with a variable bottom representing a section of

the lake. It was found that wind direction and fetch length can sig-

nificantly affect the sediment dispersion patterns.

261. Many numerical models have been developed for treating spe-

cific situations, for example, Abbott and Marshall (1969), Banks (1969),

Dronkers (1969), Wada (1969), Leendertse (1970), Dean and Taylor (1972),

Abbott, Rodenhuis, and Verwey (1973), and Boericke and Hall (1974). The

Corps of Engineers has been required for some time to provide reliable

estimates of estuarine circulation, velocity patterns, and coastal

flooding from tides and hurricane surges; hence, the necessity for a

generalized numerical model for treating these hydrodynamic problemst has been apparent for some time. A numerical model, WES Implicit Flood-

ing Model (WIFM), was first devised for application in simulating tidal

hydrodynamics of Great Egg Harbor and Corson Inlets, New Jersey (Butler

, ,1978a). Program WIFM originally employed an implicit solution scheme

similar to that developed by Leendertse (1970), and a variable-grid sys-

tem was developed for simulation of tidal hydrodynamics of the Coos Bay-

South Slough, Oregon, complex by Butler (1978b).

262. Basic features of Program WIFM, developed by Butler (1979),
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include inundation simulation of low-lying terrain, treatment of subgrid

barrier effects, and a variable grid option. Included in the model are

actual bathymetry and topography, time and spatially variable bottom

roughness, inertial forces due to advective and Coriolis accelerations,

rainfall, and spatial and time-dependent wind fields. Horizontal dif-

fusion terms in the momentum equations are optionally present and can

be used, if desired, for aiding stability of the numerical solution.

Solution schemes include choices of both implicit and explicit formula-

tions written in terms of velocity- or transport-dependent variables.

The model also employs a one-dimensional channel routine that can be

coupled dynamically to any cell in the grid system.

263. The hydrodynamic equations used in Program WIFM are the

classical shallow-water wave equations. Expressed in a Cartesian

coordinate system (Figure 49), the equations of motion are given as:

MOMENTUM

ax + -U2)+_ Ed U 2  , V 2  (118
S+ + ygd + F (118)

av a tuv a_ 2) (2 2)l 2
t + + - + fU + gd =y d + V + F (119)

y ay C 2d 2( y

CONTINUITY

U +  = R (120)

The fluid has been assumed incompressible and homogeneous and all den-

sity variations are neglected. In these equations, U and V are the

vertically integrated transports per unit of width at time t in the

x and y directions, respectively; n is the water-surface elevation

with respect to the given datum; d - n - h is the total water depth at

(x,y,t); f is the Coriolis parameter; C is the Chezy coefficient;

• F and F are terms representing external forcing functions such asx y
wind effects; g is the acceleration due to gravity; and R is a term
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Figure 49. Coordinate system for Program WIFM

problem formulation (after Butler 1978b)

representing the rate at which additional water is introduced into or

taken from the system.

264. The initial version of Program WIFM only permitted the use

of a regular-spaced rectilinear grid system. Due to the nature of the

Coos Bay-South Slough complex and the relatively small dimensions of

plan modifications to be tested, it was necessary to develop a variable

grid procedure to permit economical simulation of the study region. A

coordinate transformation given by

x = a + ba c  (121)

where a , b , and c are arbitrary constants, was applied piecewise

for each axis. One may consider this transformation as mapping proto-

type space, discretized with a smoothly varying grid, into computational

space (a-space) employing a regular-spaced grid. The transformation is

such that in a-space all derivatives are centered. By applying a
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smoothly varying grid whose functional as well as first derivatives 
are

continuous, stability problems usually associated with variable 
grid

schemes are eliminated. This type of transformation permits simulation

of a complex landscape by locally increasing grid resolution 
and/or

aligning coordinates along physical boundaries. The equations of motion

in a-space can be written as

MOMENTUM

au +1 a + _ - fV + gdan_
at vl aal d / i 2 act2 \d al (122)

: C~d + V21/2

= 2gU (U2 + V + F

C d

av 1 V+V2 f Uu 1 a/v 2 dan

Tt P Da 07 P2 P2 a 2(123)

AV- (U 2 + V 2)l/2 + F
C 2d 2 a2

CONTINUITY
an 1 L 1 - R (124)

at P act V 3at

where

P1-aa 
(125)

=Y b (c2-1) (126)

The quantities p, and V2 define the stretching of the regular-spaced

computational grid in c-space (spatial steps of Act1  and At2 ) to ap-

proximate a study region in real or prototype space 
(x,y space).

265. Program WIFM was applied to the Coos Bay-South Slough com-

plex and found to reproduce satisfactorily the hydrodynlamic response of

156

I



the system to a specified astronomical tide. The verification procedure

substantiates the model's ability to reliably predict the impact of pro- j
posed modifications on tidal elevations, current velocities, and circu-

lation patterns within the study area. Most velocity and circulation

changes associated with proposed modifications were confined to the

-local vicinity of the proposed plans.

Combined Wave Refraction and Diffraction

266. When surface gravity waves propagate shoreward, they are

influenced by six dominant phenomena: diffraction, refraction, reflec-

tion, shoaling, dissipation, and resonance. The primary effect of all

of these phenomena is to alter wave height which, in turn, directly in-

fluences the scouring potential of the wave climate. Diffraction and

refraction are the primary influences on wave height except when they

reach a boundary where dissipation and reflection manifest themselves.

267. Wave refraction. Wave celerity or phase velocity is depen-

dent on wave period and water depth. Celerity decreases with decreasing

depth, thus celerity varies along the wave crest which moves at an angle

to the underwater contours. That part of the wave crest in deeper water

is moving faster than that part in shallower water. This variation in

phase speed or celerity causes the wave crest to bend toward alignment

with the contours, and this bending effect is called wave refraction.

268. Refraction has a significant influence on the wave height

and distribution of wave energy along the coast, since the change of

wave direction results in convergence and divergence of wave energy.

bathymetric alterations. Practically all engineering applications of

wave refraction theory use the linear theory which is based on the as-

sumptions that there is energy conservation between orthogonals and that

the direction of wave advance is normal to the wave crest. A discussion

of the limit of applicability of linear wave refraction theory is given

by Whalin (1971, 1972).

269. Wave diffraction. Diffraction refers to the propagation of
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energy laterally along a wave crest (i.e. energy will propagate from a

region of larger height to a region of smaller height). The classically

used example of wave diffraction is the case of a wave propagating past

a breakwater, which results in a lateral transfer energy along the wave

crest and across wave orthogonals to produce a wave behind or in the

shadow zone of the breakwater. When the depth of water behind the ob-

struction is constant, no refraction occurs and diffraction effects can

be easily isolated. Penny and Price (1952) proposed the original solu-

tion for the breakwater diffraction problem based on the fact that sur-

face gavity waves of small amplitude passing a semi-infinite breakwater

create the same boundary-value problem as that in light diffraction.

Wiegel tN962) developed diffraction diagrams for a uniform depth adja-

cent to a impervious structure. These diagrams can be scaled so thaz

a particul r wavelength corresponds to the scale of the hydrographic

survey data eing applied.

270. 1 actual practice, it is rare indeed that water of constant

depth exists b hind and adjacent to structures on the coastline. Of

more direct conc rn in solving real-world engineering problems is that

combined soluti of the refraction/diffraction problem is necessary

to calculate wave t nsformations in intermediate and shallow water

since any refraction ,ausing a variation in height along a crest) auto-

matically results in si aneous energy diffraction which tends to make

the height uniform along the wave crest. The procedure developed by

Blue and Johnson (1949), and considered to be the state of the art until

the early 1970's, evaluated both refraction and diffraction separately

by approximation techniques. The procedure consisted of performing re-

fraction analyses shoreward from deep water to the breakwater or other

structure. At this point, diffraction diagrams were prepared that car-

*ried the successive crests shoreward three or four wavelengths. With

the wave crest and wave direction indicated by the last shoreward wave

crest determined from the diffraction diagram, construction of a new

refraction diagram to the breaker line was prepared. The validity of

this technique has come into question regarding its ability to determine

effects on bottom currents around structures from the scour and sediment
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transport standpoint. In order to refine the precision of computations

of near-bottom velocities, techniques have been developed which solve

the fundamental differential equations that govern both refraction and

diffraction.
271. One of the first investigations of the combined effects of

refraction and diffraction was performed experimentally by Mobarek

(1962). The main purpose of that investigation was to study the effect

of bed slope on wave diffraction through a gap in a breakwater normal to

the incident wave travel direction. The study was conducted, however,

in a very small facility, and scale effects may have been important.

More experiments on a larger scale and with more equipment were strongly

recommended by the author in order to obtain quantitative results. One

such experiment was conducted by Whalin (1971).

272. Worthington and Herbich (1970)~ developeda compuiter program

to estimate the combined effect of refraction and diffraction around a

semi-infinite 'breakwater. The technique used is to initiate orthogonals

as in usual refraction computations. Then as each point along an or-

thogonal is located, the refraction and shoaling coefficients are calcu-

lated. Following this, the coordinates of the point are transformed

into coordinates used in the diffraction coefficient calculations, and

a wavelength at that point is calculated. With this information, a

diffraction coefficient is calculated and the wave height at that point

becomes the product of the shoaling, refraction, and diffraction coef-

ficients applied to the deepwater wave height. Once all the primary

orthogonals have been plotted, the program initiates a second series

of orthogonals in the lee of the breakwater . The orthogonals of this

series all start at the breakwater tip but differ from each other in
the direction each takes initially. This direction is established by

* the program itself which assigns the first radial orthogonal a direc-

tion 15 deg clockwise from the breakwater line. Each successive radial

orthogonal is assigned an initial direction 15 deg clockwise from the

preceding one; and the initiation of radial orthogonals is continued

until finally an orthogonal is propagated out of the lee of the

breakwater.

159

*1j



273. The program developed by Worthington and Herbich (1970) is

limited to predicting the wave height and direction under the combined

influence of refraction and diffraction by a semi-infinite breakwater.

The wave heights obtained from the program have been demonstrated to be

accurate to within 13 percent of actual values obtained in laboratory

investigations. The program is flexible within its intended framework,

but should not be used without a thorough understanding of its limita-

tions. It is intended to apply to breakwater gaps of five wavelengths

or more, and there is assumed to be no wave generation within the zone

of study. Bottom friction effects are not included in the computations.

274. A method was developed by Ito and Tanimoto (1972) for ob-

taining numerically the wave patterns in any region of arbitrary shape

from deep water to shallow water. The principle is to solve the linear-

ized wave equations under the given boundary conditions from a certain

initial state. The wave equation is derived from the Eulerian equations

of motion and of continuity and includes only unknown functions at the

water surface. By using this approach, it is possible to investigate

various problems of wave propagation in the region of arbitrary shape

and variable water depth.

275. The nondimensional basic differential equations are con-

verted into finite-difference equations as:

ri(ilj)t+At/2 = n(ij)t-At/2 _ At [u(i + lj)t - u(i,j)t]

Ax

v(i,j) t+At =v(ij)t - At [ni(,J)t+At/2 -ni~j -1) t+At/2] (129)
Ay

The computations are performed by propagating a sinusoidal wave train in

the negative x-direction as the incident wave. Time is initialized when
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the front of the incident wave train reaches the front of the structure,

and the initial wave conditions are given by conventional small ampli-

tude wave theory (Airy Theory).

276. The applicability of the method of Ito and Tanimoto (1972)

was confirmed by determining the distribution of wave height over a sub-

merged shoal by both numerical calculation and hydraulic model tests.

This comparison for a caustic problem in the region of ray convergence

is shown in Figure 50. The calculated wave heights agree quite well

with those obtained from the model tests with the maximum wave height

being 2.1 H.i at the rear of the shoal where linear refraction theory

indicates infinite wave height. This method of analysis can be applied

to regions of more realistic bottom topography as well. Simultaneous

hydraulic model tests by Whalin (1972) at WES with a circular shoal

region which penetrated the surface also indicated that linear refrac-

tion theory was inadequate for predicting the refraction coefficients

in a convergence zone, even when the refraction coefficients were as

low as 1.1 to 1.2. In those situations where a convergence zone exists

it is imperative to include diffraction effects on wave transformation.

277. A two-dimensional differential equation that describes the

combined effect of refraction and diffraction of water waves has been

sought by researchers for many years. The disadvantage of the expres-

sions prior to 1972, according to Berkhoff (1972), is that they do not

reduce precisely to the appropriate refraction equations. Also, they

do not transform to the well-known linear shallow-water equations in

the case of small water depth. The Berkhoff (1972) development

V'*(CC V + W2 C&0 10
g 0 C o(10

where 1 2k d
nl = i sn(k) (131)

C g = 9C (132)

and

C = w/k 0(133)
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becomes the diffraction Helmholtz equation in the case of deep water or

constant water depth, and corresponds to the linear shallow-water equa-

tion which can also be derived from the shallow-water approximation.

Thus, Equation 130 describes both the refraction and the diffraction

phenomena.

278. Berkhoff (1976) also developed two-dimensional wave propa-

gation expressions for diffraction alone and for refraction alone. In

the diffraction model, water depth is either constant or deep and the

velocity potential 0 is a solution of the Helmholtz equation with

a constant wave number k 00

2 y2
1± *3- -+ k 240 0 (134)

a2 ay2 o

Introducing a wave amplitude function, a , and a phase function, S , by

= a eis (135)

a k ax2 
+ 2/ +(x) + =0 (136)

and

a a S a = SN 0 (137)

In the refraction model a slow variation of water depth was considered,

but variation of the wave amplitude in the horizontal plane was ignored:

( 2 + 
2  k2  0 (138)

4 , \ax, \-2y/ - 0
f

": ks a s a2 S
-x+ 3y -k 2 = 0 (138)

and

ax s a ax a (k2 a2s) (139)

where

k a variable wavo number corresponding to the local water
o depth d .

k - a variable shoaling coefficient, also a function of depth 4
s 16
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In the combined refraction and diffraction model of Berkhoff (1976),

again a slow variation of water depth was assumed; and the variation of

the wave amplitude was included in the formulation

a1 2 2- ka
Dax a (k/

0 0 (140)

as Qas 2  2

and

a -( 3~S) + k as
ax x 3Y = 0 (141)

Equations 140 and 141 can be combined into:

ax + kk2  (142)

and this equation can be reduced to Equation 130. This combined refrac-

tion and diffraction model has a great disadvantage for solving practi-

cal engineering problems due to the amount of computing time needed to

obtain a solution over a large area in the horizontal plane. Berkhoff

(1976) recommended use of the more simple refraction or diffraction

models where possible, and to connect the solutions in whatever way

* that can be judged to be appropriate.

279. Equation 130 is derived with the aid of a small parameter

A development, and the method of solution is based on the finite element

* technique with a source distribution. The theory is restricted to

linear waves, and loss of energy due to friction or breaking is not

taken into account. The equation is applicable to waves in the range

from shallow water to deep water. The solution of the differential

equation in an arbitrary area can be found by minimizing the correspond-

ing functional expression over the area, taking into account the condi-

tions at the boundaries of full reflection at rigid walls and the
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Sommerfeld radiation condition at sea. The solution at the sea boundary

is a superposition of the incident and an outgoing wave which is caused
by the presence of the structure. The solution at the boundary is con-

tinuous with respect to wave height and phase. As noted by Chen and

Mei (1974), Berkhoff (1972, 1976) did not use a proper functional in his

finite element model formulation with the consequence that his global

stiffness matrix was nonsymmetric and thus inconvenient numerically for

all but the simplest problems.

280. Houston (in preparation) solved Equation 130 in a region of

variable depth using a hybrid finite element method originally developed

by Chen and Mei (1974) to solve the diffraction Helmholtz equation in a

constant depth region. Variational principles are used in this approach

that incorporate the matching conditions between a region covered with

regular finite element cells and an infinite region covered by a super

element as natural conditions. Thus a symmetric global stiffness matrix

is obtained that is very advantageous for highly complex problems.

Houston demonstrates use of this model for very large problems involving

combined refraction diffraction.

281. For plane regular waves of small amplitude, incident on a

parabolic island, Jonsson, Skovgaard, and Brink-Kjaer (1976) calculated

the wave field according to two different approaches: a diffraction

theory and a depth refraction theory. The solutions were compared for

periods where the Coriolis force can be neglected. It was found that

for L a/ra between 1.5 and 2.5 (La  is wavelength at the shoreline and

r is the radius of the island), the complete refraction solution can! a
predict the critical wave periods quite well. For L a/ra  smaller than

about 0.4, the amplitudes at the middle of the front face of the island

4 .are rather well predicted by the primary orthogonal. For L /r
a a

' greater than this, the amplitudes from refraction theory deviate more

and more from the diffraction solution. Beyond L = 2.5 r , the re-

fraction calculations become quite meaningless. The complete refrac-

tion solution was only calculated for shallow-water waves. This was

the first time the diffraction solution had been given for an island

of this form, using intermediate depth theory and a mild-slope wave
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equation that is a variation of Equation 130:

V -(CCgV1) + -FIW n = 0 (143)

Generally, this equation may be replaced by the well-known linear long-

wave equation when periods exceed 7 min. All nonlinear effects were

neglected.

282. A uniformly valid asymptotic solution for water waves was

presented by Liu and Lozano (1979) which accounts for the combined ef-

fects of refraction due to slowly varying water depth and diffraction

by a long breakwater. The asymptotic solutions are developed by assum-

ing there is no reflection from the variable bottom bathymetry. Recent

developments in formal geometrical optics approximations were extended

to include the effects of diffraction. The breakwater is assumed to

have zero thickness and is located on a uniformly sloping beach. The

bottom topography is assumed to be varying slowly in the onshore-

off shore direction. The theory provides a uniform asymptotic represen-

tation of the wave field everywhere, including the neighborhood of the

edges of the breakwater, except in the surf zone where the waves break.

Physical hydraulic model tests were conducted at the WES in 1979 (Hales

in preparation) to confirm the analytic solution of Liu and Lozano

(1979). Typical results of these experiments are displayed in Fig-

ure 51. This analytical development was an extension of original work

by Liu and Mei (1976a).

283. Engineering practice has long been concerned with the behav-

ior of short waves in shallow water. These waves are instrumental in

bringing sediments into suspension as they refract and diffract around

structures, and they often induce the currents that transport these

sediments to quieter regions for deposition. For the control of coastal

erosion a knowledge of short-wave motions and the currents that these

waves induce is of fundamental importance. The effort expended in nu-

merical modeling of short waves, although considerably less than that

used in physical modeling, has still produced several useful results.

Most of the techniques are based upon periodic wave propagation and
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Figure 51. Comparison of experimental data from Hales (in preparation)
with theoretical development of Liu and Lozano (1979). Model distance
from end of breakwater = 5 ft, still-water depth at section = 0.50 ft,

wave period = 0.75 sec, angle of incidence = 20 deg from the left

geometric optics. The range of water waves that can be so treated is

restricted, being essentially limited to small-amplitude periodic waves

described by linearized wave theories. Experience of physical modeling

suggests that the restriction of small amplitude waves may give unac-

ceptable errors in some situations.

284. A numerical modeling system is described by Abbott,

Petersen, and Skovgaard (1978) that generates and runs models of short

waves of any form (periodic or irregular), with any desired physically

realistic current field over any given bathymetry. The system-generated

models are based upon Boussinesq equations in which the vertical veloc-

ity is supposed to increase linearly from zero at the bed to a maximum

magnitude at the surface, in two independent (horizontal).space
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variables and time. The Boussinesq equations are formulated as mass and

momentum conservation laws while, by virtue of the high order of accu-

racy of the difference approximations, there is very little numerical

energy falsification. This system has been tested against analytical

results in one- and two-dimensions and also against physical model

tests, for all of its main capabilities. In all cases, the agreement

results were satisfactory, according to Abbott, Petersen, and Skovgaard

(1978).

Nearshore Circulation and Resulting Current Patterns

285. Observations of nearshore circulation patterns indicate a

longshore periodicity for both normal and oblique wave incidence. Noda

(1974) developed a theory to explain the nearshore circulation patterns

analytically by the use of a longshore periodic beach bathymetry. The

following assumptions were imposed on flow conditions within the surf.1 zone: (a) the circulation system was steady and mean wave character-

istics were used, (b) the horizontal velocities were independent of

depth, so that the equations of motion and continuity could be inte-

grated with depth (i.e. long wave theory), (c) convective acceleration

terms were neglected, (d) energy dissipation for the induced circulation

was provided by a bottom friction term, and (e) the circulation veloc-

ities were assumed small so that the incoming wave-current interaction

can be neglected.

286. The analytic model that resulted from Noda's (1974) assump-f tions incorporates the incoming wave-bathymetry interaction to produce

spatial variations of wave characteristics as the driving mechanism.

Analytic functions representing actual field bathymetry were developed,

and the resulting model circulation patterns yielded quite good results

when compared with field measurements. The assumption that the circu-

lation pattern is steady in time has been subject to some criticism.

Field observations by Arthur (1962) and Sonu (1972) indicate that near-

shore circulation patterns undergo regular pulsations; and these
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pulsations can be associated with the formation of a rip current and

its ejection from the nearshore circulation field.

287. The numerical results of Noda (1974) indicate that bathym-

etry greatly influences the circulation pattern. The development of

analytic representations of the prototype bottom configuration in con-

junction with the derived fluid motion shows that if the imposed ba-

thymetry is not in equilibrium with the current motion, large current

velocities and associated bottom shear stress will develop. Hence,

extensive bottom scour and sediment movement will occur until an equi-

librium bottom configuration is formed. Unfortunately, the model of

Noda (1974) has no provision for sediment movement.

288. The primary objective of an investigation by Liu and Mei

(1975) was to study nearshore currents due to breaking waves inside and

near the surf zone. The incident waves were assumed to be interrupted

by two kinds of coastal structures: (a) a shore-connected breakwater

and (b) a breakwater offshore and parallel with the shoreline. Extend-

ing the Fresnel diffraction approximation, the first order wave field

accounting for diffraction and refraction was derived. Results were

then used to calculate the radiation stresses and mean sea level in the

shoaling zone. The governing equations of the nearshore currents were

solved numerically assuming lateral turbulent diffusion and convective

inertia are negligible. Bottom friction was assumed to be proportional

to the current velocity. An iterative procedure of finite differences

was developed to solve the resulting problem.

289. The most significant result of the study by Liu and Mei

(1975) was the formation of cells. Whether in the diffraction zone or

in the reflection zone, these cells are associated with variations in

the breaking wave height which is closely related to variations in the

breaker line position, surf zone width, and mean sea level. For the

shore-connected breakwater, diffraction features in the down-wave zone

are very much like the neighborhood of the downstream cell of the off-

shore breakwater. In the up-wave reflection zone near the breakwater,

the wave field is essentially that of two incident waves approaching

from different directions. Liu and Mei (1975) found that the larger
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the friction coefficient C the weaker the current and the farther
f

apart the streamlines. The mean sea level does not change very much

for different friction coefficients, suggesting that the incident waves

play a direct role in generating the mean setup and setdown and that the

currents only modify it slightly. In general, the current velocity is

strongly affected by the value of Cf , which is difficult to determine

in the field. Representative examples of this work are shown in Fig-

ures 52 and 53 for the up-wave side of the shore-connected breakwater

with two coefficients of friction, and Figures 54 and 55 for the down-

wave side with the same two friction coefficients. The angle of inci-

dence of the wave train is 45 deg in each case. This work has been sum-

marized by Liu and Mei (1976b).

290. A finite element model for computing wave-induced currents

in the nearshore environment has been presented by Liu and Lennon

(1978). Due to the flexible nature of the finite element layout and the

fact that no iteration procedure is needed in this model, Liu and Lennon

(1978) claim that their finite element model is more efficient than the

finite difference model developed by Noda (1974). The model presented

is constructed on the basis of linear theory; i.e., the bathymetric

variation in the alongshore direction is small compared with local water

depth. Wave current interactions and the nonlinear convective accel-

eration terms have been neglected, although they are by no means neg-

ligible for many problems.

291. An explicit finite difference model for predicting nearshore

circulation which includes convective accelerations and lateral mixing

was developed by Ebersole (1980). This model also includes a quadratic

bottom friction term that considers the velocity vectors due to both

mean and wave-induced currents. The equations that govern both wave

refraction and shoaling as a result of wave-current interactions used

in this model are those of Noda et al. (1974). The advantage of this

method is that it predicts the wave angles and wave heights at certain

points rather than along a wave ray. This procedure lends itself well

to use in the finite difference model because calculations are performed

at points that lie in the center of rectangular grid elements which are
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Figure 52. Streamline pattern on up-wave side of shore-
connected breakwater. Coefficient of friction - 0.01.
Angle of incidence = 45 deg from the left (after Liu and

Mei 1978)
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; Figure 53. Streamline pattern on up-wave side of shore-

connected breakwater. Coefficient of friction =0.09.
, Angle of incidence =f 45 deg from the left (after Liu and

~Mel 1978)

o 60

part of a larger grid. Steady-state conditions are achieved by time-

stepping the model until current variations with time are negligible.

Example current patterns for ntersectng wave trains are shown in

Figure 56 for a plane beach of slope =0.025 after 1,500 tme-steps.
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connected breakwater. Coefficient of friction = 0.09.
Angle of incidence = 45 deg from the left (after Liu and
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Sediment Transport by Numerical Techniques

292. A mathematical model for sediment transport under waves was

developed by Fleming and Hunt (1976) from concepts that have been used

successfully for unidirectional flow. This model was combined inter-

actively with numerical models for wave refraction, wave diffraction,

longshore currents, and circulation currents in order to predict local

bathymetric changes in the vicinity of a structure. The sediment model

was calibrated using field data of sediment concentration profiles.

Verification and adjustments were made by analyzing deepwater wave sta-

tistics and periodic beach and hydrographic surveys. This model can be

used to investigate the effects of wave climate on sediment transport

and different layouts of coastal structures can be examined.

293. The sediment transport model used assumes that sediment is

transported in a bed-load region adjacent to the stationary part of the

bed where the grains are supported bv interparticle collisions, and a

suspended load region where gravitational forces are overcome by fluid

turbulence. The exact definition of the transition level was not con-

sidered significant since the flux of sediment immediately above and

below this level will be similar. This unidirectional model was tested

against the best existing empirical theories and found to give compara-

ble estimates of sediment transport rates.

294. The case of flow in the combined wave and current field is

treated as a quasi-steady condition with respect to the shear stresses

acting on the bed and the dispersion of shear stress due to wave motion.

Wave motion is assumed to be the primary forcing function responsible

for putting the sediment in suspension, while the current acts as the

principal transporting agent. Application of the wave model requires

evaluation of wave heights, wave directions, and nearshore currents over

a region. This is achieved bv using a wave-refraction model combined

with a longshore current model.

295. It has been shown by Madsen and Grant (1976) that the

Shields criterion for incipient sediment motion in unidirectional flow

also can be applied to oscillatory flow when the bottom shear stress is
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evaluated using Equations 43 and 46. It is assumed that the bed-load

layer is supported entirely by grain interaction, and that the local

change in dispersed shear is proportional to the local concentration,

where the concentration distribution is implied as:

C = Cm(C e/C m)y/e (144)

where

C = maximum concentration at the bed
m
C = concentration at the upper boundary of the bed-load layere

e = bed-load thickness

e= [Td ln (Ce /Cm)]/[g(ps - P)(Ce - Cm) (tana + tane)cose] (145)

T is the dispersion shear stress, defined as
d

Td T - T (146)

where

a = friction angle of the bed material

0 = bottom slope

T = mean wave shear stress
w
W = critical shear stress
c

The bed-Icad transport rate is

e

Qbed = J C u dy (147)
0

The current velocity distribution is assumed to be of the form:

1/7u = u (y/d) + const (148)
c cmax

• -. iir cirrent velocitv at the free surface

4)



The suspended load transport can therefore be expressed as:

Qs us =f u y(149)
e

296. Sediment sampling in the surf zone is extremely difficult

due to the presence of waves; however, some concentration profiles both

inside and outside the surf zone have been obtained for a range of wave

heights. Using these profiles, it is possible to evaluate the eddy

viscosity above the bed. A wave-refraction model is then used to eval-

uate the wave directions and heights above the bed, and the longshore

current model of Longuet-Higgins (1970) is used to calculate wave in-

duced currents inside and outside the surf zone. Given any combination

of offshore wave period, direction and height, the refraction and long-

shore current models can be used to provide the required parameters at

each point in the grid. Predictions of local bathymetric changes can be

made by applying the sediment transport model at these points.

297. The sediment transport model of Fleming and Hunt (1976) is

not universal insofar as there are certain parameters that must be cal-

culated from field data. There is a general scarcity of detailed field

or experimental data for either concentration profiles or sediment

transport rates under waves, and it is therefore not possible to gener-

alize this particular model. Any further development of this model to

include such nonlinear effects as mass transport will probably be dif-

ficult to confirm.

298. Lepetit and Hauguel (1978) introduced a numerical two-

dimensional model for sediment transport that allows the computations

of the impact of a coastal structure on the bottom evolution. The in-

troduction of current disturbances and some assumptions about difference

of time scale between currents and bottom evolutions allows the devel-

opment of a propagation equation that drives the bottom evolution. The

model has been calibrated for the case of local scour around a jetty or

breakwater and has been applied to prototype situations. This mathe-

* mat ical sediment transport model takes into account the influence of

bottom evolution on the current patterns. While the study of sediment



I
drifting and movable-bed evolution is difficult from the standpoint of

the physics involved, the problem ultimately reduces to a conservation

of flux.

299. When the initial bottom configuration d has been deter-

mined, the depth averaged flow pattern is (uo, v ). This current mod-
00

ifies the bottom shape, which, in turn, modifies the current to [ul(t),

v 1 (t)] . At time t , the current pattern is given by [u0 + ul(t),

v + v1 (t) 1 and the bottom level is d(t) . The bottom evolution is

defined as:

d = -d 0 (150)
S 0

The resulting disturbance (ul, vl) is assumed to be without effect upon

the surface elevation. This assumption is equivalent to neglect of the

characteristic response time of the surface wave propagation compared

with the characteristic response time of the bottom evolution. The

fluid continuity equation can be written in two parts: the first part

comes directly from the bottom elevation and expresses the flow conser-
vation along the streamlines of the undisturbed flow fields; the second

part is a deviation of the flow due to the bottom slope (u11  and vii).

These two components can be introduced into the bed continuity equation,

and results in the bottom evolution equation:

~ ( -+ ~ * jT Cu0 +u) + d3-t w-- a -x- r y xu [2x (Uo + Ull) +  s ax(o)

ir
T +Td 0v

xv x(Vo + vll) + dax (o

(151)

-Tyu (u0 + ull) + d 0u

Tyv (vo + v) + ds 0y

yvay 0 11 say dT/I

where C u n + v 2Tv (152)
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2

T =u +T- (153)
xu w au 3w

u 3T u
T . T T- (154)xv way 3

w

T -T TUV (155)
yu Wau 3W

2

T = +T (156)
yv w av 3 3w

T = 8(g/y)1/2 1 (T - T )3/2 if T > T (157)Y- Y c C

T = 0 if T < T (158)
C

and 1/2

+ v2 (159)

where

T = bottom shear stress

T = critical bottom shear stress from Shields parameterc

Equation 151 governs ripple propagation in the direction of the initial

current pattern with celerity C . This is the direct result of the

inclusion of the current disturbance, the neglect of which would have

indicated no ripple propagation.

300. To develop the fluid equation, an irrotational current dis-

turbance is assumed so that the three-dimensional stream function

may be obtained which yields a Poisson-type equation. The current pat-

tern is defined as:

,u d
uu + u s + (160)
" o d d ay

d 11 v v + v (161)
o od d ax
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d is the actual depth, and ' can be obtained from:

A* d (162)
ax d V 0x 5o 0 o d 3y 5y d ax 3x

301. A finite difference scheme is used to solve Equations 151

and 162, where each time step involves two stages: (a) computation of

the bottom elevation d by the characteristic method where all func-

tions are explicit, and (b) computation of the new velocities by an

iterative process. This numerical technique has been compared with

results of a physical hydraulic model study of scour and erosion around

the tip of a breakwater or jetty. The comparison between the computed

and measured erosion was quite good, except for a region very near the

structure. Lepetit and Hauguel (1978) attribute this deviation to the

initial current pattern in the physical model which was not conserva-

tive. This problem was mathematically eliminated in the numerical

model.
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PART X: CONCLUSIONS

302. When major structures are erected in the coastal zone for

the protection of beaches, harbors, etc., they alter the existing current

field. Wave effects on the structure can cause suspension of bottom

material allowing it to be transported from the region by longshore or

other currents. The scour that develops often requires large quantities

of material for rehabilitation and may even endanger the integrity of the

structure itself.

303. A substantial amount of work has been performed to investi-

gate and understand local scour of noncohesive material in unidirectional

flow. Relatively little effort has been spent on the study of the prob-

lem of local scour around structures subjected to wave action, probably

because of the unsteady nature of the flow field. Even less work has

been performed on the problem of scour under the dual processes of wave

motion and unidirectional flow. An understanding of local scour pro-

cesses around coastal structures will come only through investigations

that include both unidirectional and oscillatory flow fields. Scouring

by tidal currents, to a first approximation, can be considered the result

of a unidirectional current having a long period. The transport process

is generally considered to be the result of sediment suspension by wave

action and transport by currents. The currents could conceivably be

weak in magnitude and still account for a large transport since the sedi-

ment is already in suspension due to wave action.

304. Many theoretical investigations concerning scour and erosion

due to wave action are based on earlier work regarding scour and sediment

* transport mechanics developed from river hydraulics and potamology.

These unidirectional theories have been modified in an attempt to account

for the increased shear stress and pressure variations induced by the

oscillatory wave field. This report is a survey of existing literature

that has been directed toward understandin~g sediment transport by waves

and currents, and the scour and erosion problems that result during or

shortly after construction of coastal structures. The primary forcing

function is usui~Uy due to wind waves, and refraction by local bathymetry
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can cause concentrations of wave energy that increases the scouring I
potential. As bathymetry is altered by scour, a change in refraction

patterns results. Theoretical and numerical work to couple wave charac-

teristics, refraction and diffraction, and sediment transport mechanics

to deduce bottom evolution is truly in its infancy. However, the basic

groundwork has been laid on which more sophisticated and analytically

sound developments can be built.
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APPENDIX A: NOTATION

a Wave amplitude

A Area, orbital diameter

A y Eddy viscosity coefficient

b Obstruction width normal to flow lines

B Coefficient of proportionality

C Wave celerity, Chezy coefficient, concentration of

suspended sediment

C a Sediment concentration, specific location

C Wave celerity at breaking
b

C D Drag coefficient

C e Concentration at upper boundary of bed-load laver

C f Friction coefficient

C 9 Group velocity

C L Lift coefficient

m Maximum concentration at the bed

C Base concentration
0

C Refraction coefficientr

C Sediment concentration, arbitrary location
5

C Wave celerity in the presence of a current

d Sediment particle diameter, depth of water

d e Equivalent effective roughness of the bottom

d Mean diameter of bed material
m

d 0 Initial bottom configuration

d s Maximum scour depth

Al



du/dy Velocity gradient

d50,d35 , etc. Particle diameter (50, 30, etc., percent by weight ex-
ceeded in size)

D Depth of uniform flow, width of pier

e Bed-load thickness

E Wave energy density

f Coriolis parameter

f Wave friction factorw

F Drag force
D

FL  Lift force

F Froude numberr

F,F x,F Applied forces
xy

F ,F Applied forces in s-space coordinates
a1 a2

g Acceleration due to gravity

G Unique Einstein parameter

h Local water depth

h Water depth

hc Water depth at offshore bar

ht  Water depth at nearshore trough

H Wave height

Hb Breaker height

Hi  Instant wave height

H°  Deepwater wave height

Hr Measured reflected wave height from structure

H Deepwater standing wave height
5

if Hydraulic gradient of 1 in. of soil immediately next to
filter fabric
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i Hydraulic gradient of 2 in. of soil from 1 in. to 3 in.
g away from filter fabric

i,j Finite difference increments

11912 Einstein integrals

k Von Karman's constant

k Wave number
0

k Measure of roughness elements
s

ks  Variable shoaling coefficient

K Pier shaped coefficient

k Ripple length, ripple factor

I e  Mixing length for sediment exchange

L Wavelength

L Wavelength at shorelinea

L Deepwater wavelength

Ls  Deepwater standing wavelength

m Beach slope

M Suspended load transport parameter

n Manning's roughness coefficient, wave depth effect
coefficient, ripple height

n/d Sand scale ratio

p Porosity of sediment material

P ls Alongshore component of wave energy flux per unit length
of beach

pH Acidity indicator

q Instantriaeous discharge

qs Sediment transport per unit width of channel

qcr Critical discharge
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q bed Bed-load transport

q lso Unit longshore transport outside breaker zone

q sus Suspended load

Q AW Longshore transport based on Ackers-White formula

QBi Longshore transport based on Bijker formula

QEH Longshore transport based on Engelund-Hansen formula

Qls Longshore transport

QSW Longshore transport based on SWANBY concept

r Constant, bed roughness above the bed

r Radius of the island
; a

R Water input to Program WIFM

R e* Shear Reynolds number

R x Rate of energy transfer in x-direction

RE Wave Reynolds number

so0 Suspended load velocity parameter

S Slope of hydraulic gradient producing the uniform flow,

depth of scour, phase function

S Radiation stress in x-drection

SS 10 Suspended sediment concentration at 0 cm above bed

t Time

.tt r  Reference time

T Wave pericd

t,' Tm Maximum depth of scour at nearshore trough

U Average channel velocity

u' Combined velocity due to current and waves

ub  Bottom velocity

A

: 

1



AV'

u c Current velocity at arbitrary location

u°  Maximum orbital velocity at the bed

u, Friction velocity

U cr Critical average velocity required to move a substantial

number of surface bed particles

u Maximum particle velocity at the bottom

U cmax Maximum current velocity at free surface

uvw Instantaneous velocity components in x, y, z directions j
u',v',w1 Turbulent velocity components in x, y, z directions

U Velocity, average horizontal component of velocity in

x-direction

U 0 Average velocity of flow in laboratory flume

v Exchange discharge through unit area, mean current
velocity

Average horizontal component of velocity in y-direction

vf Fall velocity

V~c Shear stress velocity due to current

v wc Shear stress velocity due to wave

Vls Velocity of longshore current

Vls°  Longshore velocity outside surf zone

W 50 ,W30,etc. Stone weight (50, 30, etc., percent by weight exceeded
in size)

X Wave friction factor and velocity parameter

Xb Distance from shoreline to the point where wave breaks

y Still-water depth

Y Separation distance, elevation, or wave bed-load trans-
port parameter

Z Verticle direction in Cartesian coordinate system
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z* Fall velocity parameter

a Coefficient, friction angle of bed material

ab Breaker angle

y Weight of liquid per unit volume

Ys Unit weight of the solids

6 Boundary layer thickness

A Relative apparent density of bed material

E Diffusion coefficient, Bijker's parameter

n Instantaneous water-surface elevation

0 Bottom slope

e Wave sediment movement threshold parametert

X Distortion factor of a sand scale to a flow depth scale

V Fluid kinematic viscosity

119,12 Coordinate stretching parameters

v Fluid dynamic viscosity

7r 3.14159

p Density of the liquid

Ps  Particle density

Pw Water density

T Shearing stress

T T Bottom shear stress due to current, critical shear stress

Td Dispersion shear stress

T i  Critical tractive force

T Bottom shear stress
0

T Mean wave shear stress
w

0 Bed material angle of response, wave potential function

A6



~,Shields wave sediment movement parameter

w Frequency of wave oscillation
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